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ABSTRACT 

This report presents results from the Limestone Injection Multistage Burner ILIMB) 

Demonstration Project Extension. LIMB is a furnace sorbent injection technology designed for the 

reduction of sulfur dioxide (SO,) and nitrogen oxides lNO,j emissions from coal-fired utility boilers. 

The testing was conducted on the 105 MWe, coal-fired, Unit 4 boiler at Ohio Edison’s Edgewater 

Station in Lorain. Ohio. In addition to the LIMB Extension activities, the overall project included 

demonstration of the Coolside process for SO, removal for which a separate report has been 

issued. 

The primary purpose of the DOE LIMB Extension testing, which began in April 1990, was to 

demonstrate the generic applicability of LIMB technology. The program sought to characterire the 

SO, emissions that result when various calcium-based sorbents are injected into the furnace, while 

burning coals having sulfur content ranging from 1.6 to 3.8 weight percent. The four sorbents 

used included calcitic limestone, dolomitic hydrated lime, calcitic hydrated lime, and calcitic 

hydrated lime with a small amount of added calcium lignosulfonate. 

The original EPA project focused on tests with calcitic hydrated lime while burning a 

3.0 weight percent sulfur Ohio coal, although tests with the lignosulfonate-doped material were 

added after pilot studies appeared to show enhanced reactivity. The results indicated SO, removal 

efficiencies of greater than 70 percent are possible while operating at a close approach to the 

adiabatic saturation temperature of the flue gas. Efficiencies on the order of 80 percent were 

found in tests without close approach operation. 

The results presented in this report include those obtained for the various coallsorbent 

combinations. They further characterize the SO2 removal to be expected with and without 

humidification to close approach to saturation over a range of calciumkulfur stoichiometries. The 

effects of injection at different elevations in the furnace are explored, and in the case of limestone 

as the sorbent, the influence of particle size distribution is quantified. 

This report also addresses the effects of the LIMB process on boiler and plant operations. 

The increased particulate loading in the boiler and downstream equipment has the greatest impact 

on operations. Wnhout effective sootblowing, heat transfer rapidly degrades when the lime 

sorbents are used. Particulate removal equipment must be capable of handling the increased 



loading. Moreover, the quicklime component of the ash requires that precautionary measures be 

taken to avoid and/or minimize potential difficulties from steaming and high pH conditions in service 

water when handling and transporting the ash. 

B&W DRB-XCL’” low-NO, burners were used throughout the project as these had been 

installed as part of the original EPA LIMB demonstration. The report discusses the resultant NO* 

emission control in light of such operational parameters as load, excess air, and pulverizersibumers 

in service. These variables were monitored more carefully during the current demonstration in an 

attempt to explain some of the more subtle variations in NO. emissions first seen in the earlier 

project. 

La&y, the possible applications of the technology in the utility industry are discussed in 

terms of equipment and process economics. Comparisons are made to both wet flue gas 

desulfurization systems and to the Coolside process. 
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SECTION 1 

EXECUTIVE SUMMARY 

INTRODUCTION 

Limestone Injection Multistage Burner (LIMB) teChnOlOQY combines furnace sorbent injection 

for the reduction of sulfur dioxide (SD21 with the use of burners desiQned to minimize the formation 

of nitrogen oxides (NO,). In 1987, Babcock & Wilcox (B&W) and the Ohio Edison Company apreed 

to extend the full-scale demonstration of LIMB technOlOQY under the sponsorship of the 

U. S. Department of Energy (DOE), through its Clean Coal Technology Program, and the State of 

Ohio Coal Development Office (OCDO). The oriQinal LIMB demonstration had beQun in 1984 under 

the sponsorship of the U. S. Environmental Protection Agency (EPA) and OCDD.’ The DOE project 

also provided for demonstration of the Coolside flue gas desulfurization (FGD) process, a duct 

sorbent injection technology, between July 1989 and February 1990. A separate repon discusses 

the results of that effort.’ The DOE LIMB Extension test program was conducted between 

April 1990 and August 1991. All demonstration tests, LIMB and Coolside, were carried out on the 

105 MWe, coal-fired Unit 4 boiler at Ohio Edison’s Edgewater Station in Lorain, Ohio. 

OBJECTIVES 

The primary purpose of the LIMB Extension was to demonstrate the generic applicability of 

LIMB technoloQY. The program Sought to characterize the SO, emissions that result when various 

calcium-based sorbents are injected into the furnace, while burning coals with a range of sulfur 

content from 1.6 to 3.8 percent. The effects of certain process variables on SO, removal 

efficiency were demonstrated. These included inlet calciumlsulfur stoichiometry (Ca/S) for each 

sorbent used, inlet SO, concentration resulting from coals of different sulfur content, the degree of 

humidification, injection at various elevations (temperatures), and particle size distribution for the 



limestone sorbent. The impact of sorbent injection on particulate emissions is also examined in 

terms of the opacity, while NO. emissions are characterized as a result of continued use of the 

DRB-XCL” burners. Operability and reliability of the LIMB system are described in liQht of the 

variations made, leadinQ to an overall economic comparison of LIMB, Coolside, and wet limestone 

forced oxidation (LSFOI FGD teChnOlOQv. 

TEST CONDITIONS 

The LIMB Extension test program was desiQned to determine the SO, removal efficiency for 

four sorbents: calcitic limestone (CaCO,), type-‘N’ atmospherjcally hydrated dolomitic lime 

ICafOHl, - MQOI, and calcitic hydrated lime ICafDHI,], both alone and with added calcium 

IiQnosulfonate (hereafter referred to as IiQno lime). These tests were conducted over a range of 

Ca/S molar ratios and humidification conditions, while burning Ohio coals with nominal sulfur 

contents of 1.6, 3.0, and 3.8 weight percent. Close approach testinQ, as it is used in this report, 

is defined as a 20°F’ approach to the adiabatic saturation temperature of the flue Qas, measured at 

the humidifier outlet. For the coals used, the saturation temperature was approximately 125OF. 

Minimal humidification of the flue gas, or testing without close approach, is defined as operation at 

a humidifier outlet temperature sufficient to maintain electrostatic precipitator (ESPJ performance, 

typically 250 to 275OF. The coal/sorbent combinations of 3.0 percent sulfur with calcitic hydrated 

lime and ligno lime, tested during the EPA-sponsored program, were not repeated here. However, 

the 3.0 percent sulfur coabligno lime combination was used to verify equivalent system operation 

following conversion of equipment back to a furnace injection ConfiQuration after the Coolside duct 

injection tests were complete. The ability to maintain compliance with the plant’s emission limits 

was demonstrated durinQ continuous operation of the LIMB system while burning the hiQher sulfur 

coals. Test runs conducted under riporous steady-state conditions were usuallv two to six hours in 

duration. 

Tests were performed wfth two more finely Qround calcitic limestones. This occurred 

because the more coerse material originally used resulted in an unexpectedly low SO, removal 

efficiency (discussed in more detail later in this section). Plans for tests with the 3.8 percent sulfur 

coal and limestone were canceled when even the finest limestone failed to show removal 

For those more familiar with metric units, see the conversion table in Appendix A. 
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efficiencies that would maintain compliance with the plant’s 30-day rolling average emission limit 

of 3.4 lb SO,/lO’ Btu during tests over a range of stoichiometries. 

The same analytical methodolopy used during the EPA-sponsored propram, including both 

manual sampling and the use of a continuous emission monitorinQ system ICEMS), was continued 

throuQhout the DOE project. The CEMS provided continuous measurements of SO,, NO,, 0,. CO, 

and CO, concentrations in the flue gas just before the stack. (The 23OOOF temperature at the 

point of injection precluded the use of any continuous monitors in the furnace.) Radian Corporation 

personnel maintained the CEMS and performed, or arranged, for all sample analyses, except for 

those performed by Ohio Edison on truck and bunker coal samples. The latter analyses of truck 

and bunker samples were monitored on a daily basis to assure use of the desired coal during any 

test period. Calcitic lime samples were analysed on-site for available lime [as CafOHI,). 

Commercial TestinQ and Engineering Company (CTECo) analyzed limestone for total calcium and 

dolomitic lime for both calcium and magnesium by atomic absorption spectrophotometry. 

An on-site Leco sulfur analyzer was used during tests as a more immediate measure of coal 

sulfur. Pulverized coal samples for this analysis were automatically sampled from the burner pipes, 

usually on an hourly basis during the more rigorous test periods. This was done to verify the 

stability of the ‘inlet’ SO, condition. Ultimate analyses of composite pulverised coal samples were 

performed by CTECo on a five work day/week basis. Again, this was the same procedure used 

during the oripinal EPA LIMB Demonstration. 

SO, EMISSIONS 

The primary independent variables in the study were sorbent type and sulfur content of the 

coal burned. The different sorbents were tested, when possible, while burninQ each of the three 

different coals. Other test variables were CalS stoichiometry, .humidifier outlet temperature, and 

injection level. The previous EPA LIMB testing had demonstrated that SO2 removal efficiencies of 

55 to 60 percent were obtainable while injecting commercial calcitic hydrated lime St an inlet CalS 

molar ratio of 2.0 with minimal humidification. This testing had also shown that removal 

effiiiencies of approximately 65 percent were possible while injecting IiQno lime. 

For each coallsorbent combination, SO, removal efficiency is primarily dependent upon 

stoichiometry. During the LIMB Extension tests, the CalS ratio vyas generally varied from 0.8 to 
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2.2. A curve-fitting alporithm using a standard least-squares approach was used to compare the 

stoichiometrylremoval efficiency data. The comparative fiQures presented show the first order fit 

of the data for the ranQe of stoichiometries tested, with the fit forced through zero percent SO, 

removal for the no injection case. A second order fit with a diminishing increase in removal for 

hipher stoichiometries would be expected from theoretical considerations, however, its use 

produced erroneously shaped curves in those cases where a relatively small number of individual 

tests were performed. The first and second order fits were compared for some cases where there 

were sufficient data points. Since the removal efficiencies at a CalS of 2.0 differed by only a few 

percentage points, the first order fits were considered to form a better overall representation of the 

comparisons discussed. 

Coal Sulfur Content 

The sulfur content of the coal, as reflected in the SO, concentration of the flue gas, 

appeared to have a small, but perceptible, effect on the SO, removal efficiency. It was found that 

the higher the sulfur content, the greater the SO, removal for a Qiven sorbent at a comparable 

stoichiometry. This is thought to be due to the greater driving force the increased SO, 

concentration has on the reaction. A five to seven percent absolute difference in SO, removal 

exists between 1.6 and 3.8 percent sulfur coal for any one sorbent at a stoichiometry of 2.0. 

While it miQht be argued that this difference is within the error limits of the calculations, the fact 

that it was consistently seen for all of the sorbents tested suggests that the effect is indeed real. 

The removal efficiencies while burning the 3.0 percent sulfur coal fell approximately midway 

between the other two. 

!kifea of Sorhentlvpe 

During the LIMB Extension, IiQno lime and calcitic hydrated lime exhibiid the highest 

removal efficiencies of the so&rents tested at any Qiven stoichiometry. SD, reductions on the order 

of 60 percent were obtained at a Ca/S ratio of 2.0 with minimal humidification. Dolomitic hydrated 

lime effected about 50 percent removal at the same conditions. Removals ranged from about 20 to 

40 percent for calcitic limestone depending on the choice of Qrind (particle size distributlonL 

The SO, removal efficiencies achieved with the IiQno lime while burning the nominal 3.8 

and 1.6 percent sulfur coals dUrinQ the LIMB Extension tests were somewhat less than those 
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obtained during the EPA-sponsored project. This had not been anticipated. When testing resumed 

after the Coolside demonstration in April 1990, IiQno lime was injected to determine if removal 

efficiencies were the same as had been attained earlier. The coal being burned at the time had a 

nominal 3.0 percent sulfur content, the same as had been used during the EPA tests. SO, removal 

efficiencies of 60 to 65 percent were comparable to the tests run prior to Coolside at a 

stoichiometry of 2.0. Therefore, testinp with the other sorbents began. When ligno lime was 

again tested in February 1991, this time while burning the 3.8 and 1.6 percent sulfur coals, the 

removal efficiencies were closer to 60 and 55 percent, respectively. It had been expected that 

SliQhtly hiQher removals would be obtained when burning the 3.6 percent sulfur coal, as had been 

observed with the other sorbents. No specific reason(s) for the difference could be found in either 

the particle size distributions or analytical data on the sorbents, though the differences are 

suspected to be due to subtle changes in porosity andlor surface area. These may be related in 

turn to a variation in the calcium lignosulfonate used to prepare the material. Another possible 

explanation is a hiQher degree of agglomeration, resultinQ from the use of a Fuller-Kinyon pump in 

place of the rotary valve during the February 1991 tests, is responsible for the lower removal. 

None of these explanations, however, could be confirmed within the time and financial constraints 

of the project. 

Fffect of Limestone Particle S& 

Initial tests were run using a commercial limestone with a particle size distribution of 80 

percent less than 44 m (325 mesh). This limestone was chosen because it was representative of 

readily available material from commercial suppliers. While injecting this sorbent, removal 

efficiencies of about 22 percent were obtained at a stoichiometry of 2.0, while burning nominal 1.6 

percent sulfur coal. SD, reductions of 30 to 35 percent had been expected with the limestone on 

the basis of pilot tests,‘” however, and possible reasons for this hiQh a discrepancy were reviewed. 

After analytical errors were eliminated, the only variable that could easily be chanQed was the 

fineness of the sorbent. Using a grade of limestone in which all particles were less than 44m in 

size, a removal efficiency of approximately 32 percent was achieved at a stoichiometry of 2.0. In 

order to determine what the upper limit in removal efficiency miQht be for calcitic limestone, an 

even finer limestone was then tested. This material was one for which the particle size distribution 

showed virtually all particles to be leas than 10 mm. It produced removal efficiencies on the order 

of 37 to 40 percent at the 2.0 Ca/S condition. 
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All the limestones were obtained in truckload quantities. The very fine (100 percent less 

than 10~) material may not be considered a viable alternative for this application because its cost 

on a truckload basis is on the order of four times that of either of the other two. It is noted that all 

the lime sorbents are as fine or finer than this very fine Qrind of limestone. The hiQher SO, removal 

effiiiencies of lime and the finer Qrinds of limestone are anributed, in part, to the greater surface 

area available for the SO, absorption reaction associated with the smaller particle size. 

Effect of lniection Level 

During the desiQn phase of the EPA project, the optimum location for injection was 

identified as being on the front wall of the EdQewater furnace at elevation 181 ft where the 

average temperature was expected to be approximately 23OOOF. This elevation corresponds to a 

level in this furnace just opposite the nose. Tests during the EPA LIMB Demonstration confirmed 

that injection at this level yielded hiQher SO, removal for the calcitic hydrated limes than injection 

at elevation 187 ft (injection at elevation 191 ft was not tested durinQ the EPA project after a 

lower efficiency was obtained at elevation 187 ft). The tests run during the LIMB Extension 

produced similar results. The removals at the 181 and 187 ft levels were hiQher than those at the 

191 ft elevation. Removal efficiencies while injecting at a stoichiometry of two at these levels 

were about five percent absolute hiQher than those at the 191 ft level. 

The distinction between the 181 and 187 ft elevations was not as clear cut as it had been 

during the EPA-sponsored tests, when fewer individual tests were run. The more extensive testing 

conducted durinQ the LIMB Extension SuQQests that more SiQnificant differences appear when 

material is injected at elevation 191 ft. At this level the temperature is thoupht to be a 200 to 

300°F cooler and the flue gas flow patterns are less than favorable for adequate dispersion of the 

sorbent. 

Effect of Humidificatipn 

Operation of the humidifier down to a 20°F approach to saturation permitted 

characterixation of the additional SD, removal obtainable under most of the conditions. 

Humidification to close approach enhances SD, removal efficiencies by approximately 10 percent 

absolute over the range of stoichiometries tested. This was true for each of the sorbents tested. 
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NO, EMISSIONS 

The DR&XCL”’ burners, installed as part of the initial LIMB’demonstration, continued to 

operate and be evaluated durinQ the LIMB Extension project. The overall average NO, emissions 

during the demonstration was 0.43 lb/l 0’ Btu. Emissions of 0.44 IbllO’ Btu were calculated both 

for the 24 hr and 30 day rolling averaQe values for the demonstration period. The emission rate did 

not appear to be sensitive to load conditions, although there appeared to be some variation within 

the scatter that miQht be controllable. In order to identify the source of the variation, attempts 

were made to correlate ND. emissions with load, flue gas O1 concentration, pulverizers/burners in 

service, CO emissions, and coal fineness. Unfortunately, no consistent correlation was found 

between NO, and any of these variables. Likewise, use of the SO, sorbents did not appear to have 

any effect on NO, emissions. 

PARTICULATE EMISSIONS 

Humidification of the flue gas continued to be effective in maintaining the particulate 

emission control performance of the ESP during the DOE LIMB Extension. Opacity was generally in 

the two to five percent range during injection of each of the sorbents (compared to the plant 

opacity limit of 20 percent). This was similar to what had been observed during the EPA project. 

Only two differences were noted, the first beinQ that the calcltic limestone did not seem to require 

as much humidification, either because its larger particle size made particulate collection easier 

and/or the fact that the cooler air heater outlet flue gas temperature required relatively life 

humidification water to maintain the temperature of the gas entering the ESP. The second 

difference occurred during use of the dolomitic lime which seemed to require a somewhat lower 

humidifier outlet temperature setpoint f250°F vs. 275OF1 to maintain the desired opacity. 

Simultaneous measurements of inlet and outlet particulate loadings required to characterize 

particulate collection efficiencies for each of the sorbents were not conducted since there were no 

opportunities for the two weeks of steady-state operation at conditions that would have been 

necessary to riQorously evaluate ESP performance. 

OPERABILITY AND RELIABILITY 

Operations durinQ the LIMB Extension continued much the same as during the EPA LIMB 
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Demonstration.’ There were, however, a few operational aspects that became apparent due to the 

use of previously untested sorbents and/or more extensive tests. Probably the most notable of 

these was the limitation of the sootblowinp system at the Edgewater facility. Prior to the LIMB 

Extension tests the sootblowers were converted from compressed air to steam. Actual steam 

consumption varied depending upon the degree of sootblowing required for each sorbent type, feed 

rate, and the extent to which heat transfer was decreased. The effect of sorbent type and feed 

rate on heat transfer could not be readily quantified since operator preferences also imposed some 

variation. 

The air-to-steam sootblower conversion was undertaken in an effort to maintain a more 

normal air heater outlet temperature of about 300°F. rather than the 350°F temperatures seen 

during the EPA testing. After the conversion, the sootblowers could be cycled five to six times a 

shift, where it previously had been once or twice per shift. While the increased capac’hy helped 

somewhat at lower injection rates, the hiQher stoichiometric conditions still produced high outlet 

temperatures fup to a high of 375OF for the dolomitic lime/3.8 percent sulfur coal combination at a 

CalS ratio of 2.0, a condition representing the hiphest sorbent mass feed rate). This supgests that 

the limitation was due not so much to the capacity of the sootblower system, but rather the 

number and location of the sootblowers themselves. Since the temperatures appear to rise most 

dramatically in the vicinity of the primary superheater and economizer, additional sootblowers 

appear advisable in those areas. 

Injection of the coarse (80 percent less than 44 mm) limestone sorbent into the furnace left 

the air heater outlet temperature almost unchanged at approximately 300°F. This was unexpected 

in that more severe fouling had been anticipated. The phenomenon appears to be related to 

particle size, but no specific explanation has been identified at this point in time. The finer 

limestones tended to produce hiQher air heater outlet temperatures, though the data is limited since 

lesser total quantities of these materials were injected. 

The impact of LIMB on ESP performance results from a change in particle rise distribution, 

an increase in the resistivity of the ash due to the change in composition, and an increase in 

loading. Tests that would conclusively define the relative importance of each were beyond the 

scope of the project. Nevertheless, the observations made in the preceding section indicate the 

nature of the effects on the ESP. 
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Another operational change noted during the LIMB Extension was in the area of waste 

handling and disposal. Here the effects of using either dolomitic lime or calcitic limestone were 

somewhat different than what had been found with the calcitic limes. The dilution of the ash by 

the unreactive MQO component of the dolomitic sorbent leads to increased ash loading and solids 

handling at the back end of the process. Since the MgO component does not hydrate appreciably 

at atmospheric pressure, this LIMB ash exhibited a lower level of steaming when water was added 

to the ash. The use of limesmne, on the other hand, tended to produce Qreater quantities of steam 

during wetting of the ash in the Unloading facility. This was due to the lower utilization of the 

sorbent for an equivalent injection stoichiometry. 

As part of the overall assessment of the technology, records of operating time and 

downtime were kept in order to provide further indications of process and equipment availability. 

The data indicate that the system was available about 95 percent of the time it was called upon to 

operate. This is necessarily only a best approximation of what miQht be expected of a fully 

commercial system, since LIMB system operation during the project focused on ObtaininQ 

performance data over a wide variety of conditions. ChanQeS from one set of operational 

parameters to another involved frequent shutdowns to reestablish baseline condiions. Moreover, 

there were some periods when operation was intentionally delayed in order to control project cost 

by conservinQ sorbent when it was not required to maintain emission compliance. As miQht be 

expected, this occurred primarily when the 1.6 percent sulfur coal was being burned. 

SUMMARY OF ECONOMIC COMPARISONS 

The comparative economics of the LIMB, Coolside, and LSFO FGD processes were 

developed for several different scenarios. LIMB economics were determined without including low 

NO. burner costs in order that the comparison relate only to the FGD portion of the technoloQy. 

Costs are predicated on several other considerations of the differences among the processes and 

their intended applications that are essential to understanding the extent to which comparisons are 

valid. Primary among these is that the LIMB and Coolside processes were intended to provide 

moderate levels of removal at low capital cost. Moreover, it was anticipated that it was 

particularly well-suited for the relatively small, older plants in which wet scrubbers would be 

particularly difficult to justify. LSFO FGD, on the other hand, is a mature technoloQy that 

historically has been applied to achieve in excess of 90 percent SO, reduction. PassaQe of the 

Clean Air Act Amendments (CAAA) in 1990 appears to be driving performance Qoals to the state- 
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of-the-art LSFO teChnOiOQy used in this evaluation. While the effective cost of such technojoQy 

decreased in the maturation process over the past twenty years, its hiQher capital cost and lower 

reagent usage rste are more easily justified for newer, larger plants burning higher sulfur coals. 

Overriding all of these, site-specific considerations can influence the economics of all three 

processes dramatically, as is commonly recognised in the industry. 

For the reasons just stated, comparisons with LSFO FGD are quite diffiiult. Several options 

were considered in order to try to overcome the inherent differences. These included operation of 

an LSFO system at less than optimum conditions to achieve performance at the lower levels of the 

other two technologies. A second alternative was to examine bypass of a portion of the flue gas 

such that the overall removals would coincide, with the LSFO process still operating at 95 percent 

removal efficiency. Arguments against makinQ such assumptions were thouQht to be at least as 

valid es presentinp each technoloQy in its own realm of applicability. When viewed in the IiQht of 

the caveats in the preceding paraQraph, the limitations of comparison with the LSFO process are 

readily apparent. 

The differences between LIMB and Coolside are less pronounced, prOVidinQ a greater 

significance to their comparative economics. Nevertheless, sitsspecific considerations become 

especially important. Whereas humidification to a close approach to the flue gas saturation 

temperature is absolutely needed for Coolside, LIMB can require little to none depending on the 

nature and quantity of sorbent injected, though SO, removal can be enhanced by operation under 

close approach conditions. The site-specific concern arises out of the IarQer amount of space 

required to permit essentially complete evaporation to achieve close approach operation. The other 

fundamental diierence between these two technoloQie6, sorbent injection in the furnace for LIMB, 

and in a downstream location for Coolside, becomes a maner of preference for the individual 

operating utility. s j~‘~ - -.L . . \‘_ .~.;( L,’ _ J,:,& : ~.; . . : .-: \ i, 

For the economic comparison, the approach used was one commonly used in the industry. 

Capital costs are presented in the conventional units of s/kW, and operating and annual levelized 

costs in mill/kWh and/or s/ton of SO, removed. The processes were compared for three different 

coal aulfur concentrations and four different reference plant sizes. The process desiQns were based 

on optimixed commercial retrofit installations. Under what are thouQht to be reasonably equivalent 

and representative sets of operating conditions, the SO, removal efficiencies of the LIMB, Coolside, 

and LSFO processes were set at 60, 70, and 95 percent, respectively. Although LIMB we6 also 
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shown to be capable of 70 percent SO, removal with humidification to close approach, the costs 

for such a mode of operation are considered to be essentially the same as those required for 

Coolside. For this reason, costs were developed for a SliQhtly lower performance LIMB system 

operatinQ with minimal humidification in an existing duct. 

Total installed capital costs and levelized annual operatinQ costs were developed for each of 

the process\coal\plant size combinations. The results were analysed and compared to determine 

the economic applicability of each process. On a s/kW basis, the installed capital cost of the LSFO 

process was found to be about 2.5 times hiQher than that of the Coolside process, and about 4.8 

times hiQher than the LIMB process. The installed capital cost of the Coolside process was found 

to be about 1.9 times hiQher than the LIMB process. 

On a s/ton of SO, removed basis, the annual levelized costs showed that Coolside was 

economically favored over LSFD for plant sizes up to 500 MWe (net), while burning 1.5 WeiQht 

percent sulfur coal, up to 220 MWe while burning 2.5 weight percent sulfur coal, and up to 

100 MWe while burning 3.5 weight percent sulfur coal. 

LIMB was economically favored over LSFO for all plant sizes while burninQ 1.5 weight 

percent sulfur coal, up to 450 MWe while burning 2.5 weiQht percent Sulfur Coal, and up to 

240 MWe while burninp 3.5 weiQht percent Sulfur Coal. 

LIMB was economically favored over Coolside for all the cases compared. Adding the 

capability to operate a LIMB system at close approach to the saturation temperature to enhance 

SO, removal would tend to reduce this advantage, however. 

Cost sensitivity analyses were also undertaken to determine the effects of certain economic 

variables on costs. It was determined that decreasing the plant capacity factor favored the LIMB 

and Coolside processes, as did decreasing the book life of the plant. VaryinQ the reaQent costs had 

a Qreater effect on LIMB and Coolside economics, while having only a moderate effect on the LSFO 

process economics. 
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SECTION 2 

INTRODUCTION 

Within the past decade increasing emphasis has been placed on the control of pollutant 

emissions from a variety of sources in the United States. Prominent amonQ these are SO, and NO,, 

Qases that can result from the combustion of fossil fuels and are commonly considered to be 

amonQ the major sources of acid rain. The automotive and power industries are therefore 

intimately involved in the process of teChnOlOQy development to mitiQate potential damage. The 

largest man-made, stationary sources of both gases are coal-fired utility boilers which account for 

about 65% of the SO, and 29% of the NO. emissions in the United States6 

The CAAA of 1990 now constitute the primary regulatory directive that delineates control 

requirements for SO, and NO, emissions from utilities. This IeQislation provides for phased 

compliance and Qives utilities the ability to choose the technology needed to meet emission limits. 

Since they were passed in November 1990, the utility industry has chosen fuel SwitchinQ and wet 

flue gas desulfurfzation systems (FGD scrubbers) as the primary means of meeting the CAAA’s 

Phase I requirements on larger units, Those requirements place a 2.5 lb/loo Btu cap on SO, 

emissions, with a target date of January 1, 1995. After that, other technologies are expected to 

be reaarded as viable, Qiven a wide variety of site-specific considerations. Limestone Injection 

Multistage Burner (LIMBI is one such technology. The process involves the injection of a calcium- 

based sorbant into the furnace for SO, capture. This is coupled with the use of low NOz burners, 

to reduce emissions of nltroQen oxides. 

BACKGROUND 

It was in anticipation of the CAAA legislation that the EPA promoted a series of bench- and 

pilot-scale research projects during the earfy 1980s. These studies were directed toward 

development of relatively low cost, moderate effiiency, SO, and NO. emission control’ 

technoloQies. They were aimed at older, smaller, fossil-fired utility boilers which would not be 

candidates for wet FGD. At about the same time, the Ohio Edison Company undertook a program 

to participate in emerping technology development. They did this to be in a better position to 

evaluate the technical, operational, and economic aspects of such technoloQies. By 1984, the two 

programs led to the full-scale demonstration of the LIMB process. EPA sponsored the project with 

CO-funding by OCDO and B&W, the prime contractor. 
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Concurrently with the early LIMB tests, the U.S. Department of EnerQy (DOE) initiated the 

Clean Coal Technology (CCTI Program. The program is a jointly funded, government-industry effort 

that takes the most promising advanced coal-based technologies and, over the next decade, moves 

them into the commercial marketplace through demonstration. The goal of the proQrsm is to make 

available to the U.S. energy marketplace, particularly the industrial and utility sectors, a number of 

advanced and environmentally responsive coal technoloQies. The program seeks to demonstrate 

the commercial feasibility of technologies that have already reached the proof-of-concept staQe. 

The proQram is presently beinp implemented through a series of five competitive 

solicitations. When the program is completed, technical, environmental, economic, and operational 

data will be available for a broad range of clean coal technology options. This data is expected to 

reduce the uncertainties of subsequent commercial scale applications. 

Government and industry SiQned the first Clean Coal cooperative aQreements (not 

contracts) during 1987. The industrial partner in each project contributes a minimum of 50 percent 

of the total cost. The B&W LIMB Clean Coal project was among those selected by the DOE under 

the first solicitation and was administered out of DDE’s Pittsburgh EnerQy Technology Center 

IPETC). Numerous other public and private organizations, includinQ state end utility/industry 

research groups, provide important co-fundinp and project support. OCDO and CDNSOL Inc. 

(formerly Consolidation Coal Company) filled that role for the LIMB project. Ohio Edison was the 

host utility, making the Unit 4 boiler at the Edgewater Station available for the demonstration. 

B&W concluded the full-scale demonstration tests of LIMB technology under the EPA 

contract in June 1989. The testing was limited to the calcitic hydrated lime and ligno lime while 

burninQ 3.0 percent sulfur Ohio coal. The CCT proQram provided the opportunity to build upon the 

base EPA LIMB Demonstration by extending it to a broader range of coals and sorbents. Another 

incentive was the potential for increased SO, capture by humidification of the flue gas. Still 

another was sn outgrowth of CONSDL’s work with the Coolside process, an in-duct flue gas 

desulfurixation technology, and B&W’s Ispray) dry scrubbing teChnOlOQy, both of which SUQQeSted 

the desirability of further development of the Coolside and LIMB processes. Both the Coolside and 

dry scrubbinQ processes rely on controlled humidification of the flue gas to a close approach to the 

adiabatic saturation temperature. The success of the early LIMB tests with respect to SO, removal 

and the potential of overcoming the deleterious effects of LIMB ash on ESP performance, were 

additional reasons for combining and extendinQ the technology dqmonstrations in the CCT project. 



Thus the participants applied for and received DOE CCT funding for the LIMB Demonstration 

Project Extension and Coolside Demonstration. The project was divided into the two separate, but 

related, demonstrations of the technologies on the same boiler at Ohio Edison’s Edgewater Station 

in Lorain, Ohio. 

The LIMB and Coolside processes are expected to be competitive in overall cost of SD, 

emission control with conventional wet FGD processes, and with significantly lower capital costs. 

The technologies are considered to be most applicable to older coal-fired plants and are expected to 

be especially economical in plants with small to intermediate she boilers with load factors between 

about 40 and 75 percent. As is true with most FGD processes, the practicality of LIMB or Coolside 

as retrofit technologies depends on site specific considerations. The design of the boiler, the 

convective pass, the air heater, and ash removal system are all major factors, as is the plant’s life 

expectancy. 

PROJECT OBJECTIVES AND SCOPE 

The primary objective of the LIMB Extension portion of the project was to demonstrate the 

broader applicability of the technology to coals over a range of sulfur content. For NO., the 

objective continued to be demonstration of emissions less than 0.5 lb/lo” Btu. The emphasis, 

however, was focused on SOI, for which the demonstration aimed at characteriring the 

performance of verious sorbents as a function of Ca/S stoichiometry. These sorbents were to 

range from relatively low cost materials that might be selected because of local availability, to 

higher cost materials of greater reactivity. Coals with three nominal sulfur concentrations were 

tested, when possible, while injecting each of four sorbents. Bvcomparison, the EPA LIMB 

Demonstration had had as its initial SO, objective the demonstration of 50 percent or more removal 

with one calcium-based sorbent at a CalS ratio of 2.0 while burning a 3.0 percent sulfur Ohio coal. 

Interest in testing additional sorbents was spurred by early success in achieving this objective, 

attributed to the thorough investigation of the chemical and physical processes involved. Even 

when early tests resulted in ESP performance degradation, research had shown humidification as a 

solution to the problem’s being caused by high resistivity LIMB ash. As a result, interest in testing 

additional sorbents and other coals, along with the Coolside process, continued to develop. 

The other major objective of the project was to use the information accumulated in the 

course of the demonstration and apply it to the design of hypothetical commercial systems. This 
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was to form the basis for capital and operating cost estimates that would then be compared to the 

economics of state-of-the-art FGD technology, currently considered to be wet limestone scrubbers 

utilising forced oxidation to produce gypsum, CaSO, * 2H,O. The remainder of this report presents 

the technical results obtained during the LIMB Extension, together with a discussion of the 

commercial LIMB, Coolside, and wet LSFD FGD system designs and the economic evaluations and 

comparisons drawn from them. 
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SECTION 3 

PROCESS DESIGN/EQUIPMENT 

PROCESS FUNDAMENTALS 

The basic mechanics of the LIMB process are simple. A calcium-based sorbent is injected 

into the furnace to capture SO, in the flue gas. Low NO, burners are used to control these 

emissions. No complicated pieces of equipment are necessary. The overall process chemistry is 

likewise simple. Sorbent is injected into the furnace where the following reactions take place: 

Cslcination 

Limestone 

Hydrated Lime 

CaCO, + heat Et CaO + CO, 

CafOH), + heat P CaO + H,O 

Ha) 

(lb) 

&lfation with Oxidatioq 

CaO + SO, + 0.5 0, 0 CaSO, + heat 12) 

Subsequently, water reacts with the excess quicklime fCa0) and CaSO, at lower temperatures 

according to: 

CaO + H,O # CafOHI, + heat 

CaSO, + 2 H,O # CaSO,.2H,O + heat 

(3) 

(4) 

The importance of the mechanics and chemistry on the SOI removal performance and 

operability of the LIMB system should be kept in mind as fundamental in the discussion to follow. 

While the details are documented in the research and development conducted before and during the 

original LIMB demonstration,‘*‘-’ several general concepts are noteworthy. Primary among these is 

the need to assure effective mixing of any sorbent with the flue gas. Extensive mathematical and 

cold flow modelinQ was conducted to understand the temperature and velocin/ profiles in the 

furnace and of the flue gas in the humidifier. These were considered essential to achieve effective 

sorbent dispersion in the former case and to minimise wall wetting in the latter. The need for this 

modeling will be site specific in any future commercial system depending on the similarities of the 

application to installations preceding it. 
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Process chemistry is intimatelv tied to the sorbent dispersion process for a few reasons. 

While the chemical equations represent the overall reactions, it was important to consider the 

kinetics and thermodynamics of individual reactions in relation to the time/temperature profiles 

involved. The calcination reactions, for example, develop reactive surface area for the sulfation 

reaction when sintering of the particles is minimired by avoiding high temperature zones. Similarly, 

temperatures above about 2400°F where any CaSO, formed becomes thermodynamicallv unstable. 

Understanding the mechanics of the humidification process is likewise essential in order to assure 

that the water introduced cools the gas uniformly to minimize wall-wetting and the deposit 

formation that can then occur. Related to this, the highly exothermic hydration of quicklime can 

give rise to voluminous steam evolution if water is added during ash handling operations as it was 

at Edgewater. The reader is referred to the literature cited above for more extensive discussions of 

this background than is possible here. 

BACKGROUND 

Numerous bench- and pilot-scale studies on sorbent injection were undertaken in the United 

States during the 1960s in anticipation of passage of the original Clean Air Act. This work 

culminated in a full-scale demonstration of the process on a 150 MWe boiler at Tennessee Valley 

Authority’s Shawnee Station from 1969 to 1971 .’ The results of those limestone injection tests 

were less than encouraging at the time since technologies with high (on the order of 90 percent) 

levels of SO, reduction were generally desired. Instead, SO, removal efficiencies typically fell in 

the 20 to 30 percent range. Accordingly, commercial interest in the technology faded. 

Performance improvements in the process, and a number of potential applications, renewed 

interest in sorbent injection technology in the late 1970s and early 1960s. One technique tested 

called for mixing limestone with the fuel, and then burning the mixture in multistage, low NO= 

burners. This gave rise to the acronym LIMB llimestone Injection Multistage Burner). Removal 

efficiencies as high as 80 percent at a Ca/S stoichiometry of 3.0 were achieved in pilot studies. 

These first LIMB tests, along with subsequent experiments that evolved from them, yielded some 

important results, namelv: 

l Limestone was not the only sorbent that could be used since some others were capable 

of producing even greater SO, capture 

l Alternate methods of injecting sorbent offered equal or bener performance than did 
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injection through the burners 

l Surface area of the reactant is very important 

l The temperature window for the sulfation reaction was identified to be roughly 2300 to 

1 600°F, with the former being near the thermodynamic limit of the reaction and the latter 

a kinetic limit. 

The early research also showed that there were factors that could adversely affect removal 

efficiencv.‘~’ Reactant surface area was found to diminish rapidly in the furnace environment. 

Exposing the reactant to prolonged furnace temperatures in excess of 2300°F can sinter calcined 

lime and reduce surface area. Pore plugging also degraded surface area as a result of SO, reaction 

with lime. Thus the process is straightforward: inject sorbent into the furnace with effective 

mixing and dispersion in the proper temperature window to maximize SO, capture. The success of 

the EPA and DOE LIMB demonstrations projects is considered to be the result of the much more 

thorough understanding of the time/temperature profiles of the furnace, coupled with matching the 

injection process to the fundamental chemical kinetics. 

EDGEWATER DEMONSTRATION SITE 

Ohio Edison’s Edgewater station is located on the south shore of Lake Erie in Lorain, Ohio. 

Figure 1 shows the layout of the Edgewater Station. The boiler used for the demonstration is a 

B&W unit, first commissioned in June 1957. The boiler is designated as No. 13 at the plant, and 

generates steam for the Unit 4 turbine with a nameplate rating of 105 MWe. A schematic of the 

boiler is presented in Figure 2. The boiler has a convective secondary superheater, a reheater, a 

horizontal primary superheater, an economizer, and a tubular air heater. All sootblowers, except 

the four in the air heater, were converted to steam before the LIMB Extension tests began. Four 

new steam sootblowers had been installed in the primary superheat area prior to the EPA LIMB 

Demonstration. Four B&W ‘E’ pulverizers supply coal to the twelve B&W DR&XCL”’ low NO. 

burners that replaced circular burners, again as part of the original demonstration. The burners are 

SrWIQed three across by four high on the front wall of the furnace. A retrofit Lodge-Cottreli ESP 

with a design specific collection area (SCA) of 612 ff I1 0’ ACFM replaced a smaller original device 

in 1982. 
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LIMB PROCESSlEClUlPMENT DESCRIPTION 

Relatively few pieces of equipment are required for injection of sorbent into the furnace, 

However, the system designed and installed at Edgewater contained special features and 

instrumentation that would not otherwise be required for a commercial system. For example, 

highly accurate differential weight loss feeders were provided in order that precise amounts of 

sorbent could be fed to the furnace. This, along with much of the instrumentation, was necessary 

to obtain accurate and reliable data on the system’s performance. Such precise delivery of sorbent 

would not be necessary in a commercial application. Figure 3 is a process flow diagram of the 

LIMB system showing the major equipment described in the balance of this section. A more 

complete equipment list is provided in Appendix 6. 

Bulk sorbent is delivered to the site by truck. The sorbent is unloaded into a large outside 

storage silo. Conveying equipment located underneath the silo transfers material to a smaller silo 

inside the boilerhouse. A rotary valve below this silo fills a gravimetric feeder which in turn feeds a 

solids pump or a rotary valve. The solids pump was added during the LIMB Eztension to replace 

one of the two rotary valves originally installed. This pump proved to be a much more reliable 

device that sealed against the conveying air pressure more reliably than did the rotary valve. This 

improved the stability of the feeders, since backpressure effects were a source of continuing 

concern with the rotary valves, particularly at high feed rates. 

A compressor supplies air to convey the sorbent from the solids pump or rotary valve to 

distribution bottles above the boiler, where the flow splits to go to each of the injection ports. The 

injection nozzles have an inner pipe through which sorbent passes and an outer annulus for booster 

air. The booster air is used to increase the momentum flux of the injection jet of particles into the 

boiler. Sorbent reacts with SO, in the flue gas in the furnace and then exits through the air heater. 

The humidifier is installed in the ductwork between the air heater outlet and the ESP inlet. Water 

flow to atomizing nozzles’is controlled to maintain a constant humidifier outlet temperature. The 

two-fluid nozzles use compressed air to atomize water. 

The ash is collected in the ESP hoppers, from which it is then pneumatically conveyed to a 

storage silo. A rotary valve below the silo feeds a pug mill where water is added for hydration of 

any remaining quicklime component in the ash and dust-free unloading to a waiting truck. The 

wened ash is then taken by truck to a landfill. 
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SECTION 4 

DETAILED SYSTEM DESCRIPTION 

This section contains a detailed description of major subsystems of the LIMB design, 

including all of the modifications that have taken place since the original design for the EPA LIMB 

Demonstration. The major modifications are summarized in the last part of the section. 

MAJOR LIMB SUBSYSTEM DESIGN DETAILS 

Sorbent Storaoe and Transfer Svm 

The sorbent storage and transfer system is shown in Figure 4. The sorbent storage silo is 

designed to hold up to 400 tons of sorbent which equates to about a 43 hr supply of lime or a 73 

hr supply of limestone. Sorbent is delivered to the silo in 20 to 25 ton truckloads. The trucks are 

Self-Unloading and pneumatically convey the sorbent to the top of the silo. The silo is vented by a 

locally controlled bag filter. Facilities exist for two trucks to unload simultaneously. 

When the feed silo in the boilerhouse detects a low level, transfer equipment under the 

storage silo automatically starts. The sorbent flows out of the storage silo through an 

automatically controlled slide gate valve. There is an aerated bin bottom which promotes flow out 

of the silo. Dry eir is supplied to the eerator by a dedicated lobe-type blower and an air dryer. 

After passing through the knife gate valve and a rotary valve, the sorbent enters a Fuller-Kinyon 

solids pump. The pump is a positive displacement screw pump. Sorbent is compacted as it is 

pushed through the barrel and provides a seal against the conveying air which transpons the 

sorbent from the pump to the feed silo. The source of the conveying air is a rotary vane 

compressor. 

The sorbent exiting the screw pump is transported in dilute phase through an 6 in diameter 

carbon steel line to the boilerhouse where the feed silo is located. This silo can hold about a 2 hr 

supply of sorbent at full load conditions. The sorbent is separated from the transport air at the 

feed silo by an inlet alleviator. Transport air vents through a pulse jet filter. 

The transfer system operates for about 20 min every 2 hr and 20 min. which, for calcitic 

hydrated lime, is roughly equivalent to injection of 15,000 Ib/hr, or a CalS stoichiometry of 2.5 
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while burning 3.0 percent sulfur coal at full load conditions. The storage-to-feed silo transfer 

system is designed to deliver 50 tonlhr of the less dense lime. Higher transfer rates were possible 

with limestone. The transfer equipment is designed to operate automatically. A control cabinet for 

the equipment is located near the base of the feed silo in the boilerhouse. The equipment can also 

be operated manually using hand onloff switches located near each piece of equipment. 

The feed system (Figure 5) delivers a precisely controlled amount of sorbent to the injection 

ports, and distributes it evenly across the boiler. The sorbent flows from the injectors in a non- 

slugging manner. There are two independent feed trains, providing the capability of feeding any 

two of the three injection levels at one time. 

Differential weight loss feeders below the feed silo provide the accurate, controlled flow of 

sorbent to the injection system. A low level in the feeder hopper signals the need for a fill cycle to 

begin. Each of the -pant-legs’ on the feed silo is equipped with a Vibranetics bin vibrator, which 

starts when the hopper fill cycle begins. A slide gate valve below the vibrator opens and a rotary 

valve, between the slide gate and the feeder, fills the hopper in e steady, non-flooding manner. 

The hopper fill cycle automatically shuts down on a high level signal. 

Each differential weight loss feeder consists of a hopper on a hinged scale which 

determines the feed rate. An auger discharges sorbent from the bottom of the hopper. The 

sorbent feed rate can be controlled from the feeder either gravimetrically (weight-loss) or 

volumetrically (auger speed). Each of the two ways can be controlled either locally or remotely in 

the control room. The feed rate can be manually input or set to automatically follow boiler load. 

In the original design, each of the two gravimetric feeders delivered sorbent to a dedicated 

rotary valve, which then discharged the material into the conveying air stream. These rotary valves 

required constant adjustment and attention in order to maintain their ability to seal against the 

20 pSiQ conveying air. Failure to do so would cause the feed to the valves to become fluidized, 

with a subsequent loss in capacity. As part of the LIMB Extension, the ‘B’ feed train rotary valve 

was replaced by a solids pump. This pump was equipped with a small baghouse to vent any sir 

that might otherwise find its way into the feed lines. Any sorbent collected in the baghouse 

continued to be fed to the furnace as it had already passed the feeder control point for 
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stoichiometry. This arrangement resolved the problem of the sorbent becoming fluidized. The ‘A’ 

train was modified so that it could feed either the solids pump or its oripinal rotary valve. 

A rotary screw compressor supplies the conveyinQ air. Air from the compressor passes 

through a dryer and into a receiver. It then Qoes through a coalescinQ filter and a control valve 

station. At the valve station, flow is automatically controlled to maintain proper dilute phase 

operation. The conveying air meets the sorbent feed at the pick-up point, directly downstream of 

the rotary valve or solids pump. A 4 in inner diameter IID) hose connects the pick-up point to the 

distribution bottles. 

The distribution bottles are desiQned to split the sorbent feed, from the rotary valve or 

solids pump, equally to each of the injectors in a non-sluQQinQ manner. In the normal configuration, 

one bottle feeds the injectors at the 187 ft plant elevation, and the other either the 181 or 191 ft 

elevation. Two inch ID lines connect the distribution bottle feeding the 181 or 191 foot elevation 

with the nozzles. These lines were changed from 1.25 in to 2 in ID in 1988. The oripinal 1.25 in 

lines were retained between the bottle feeding the 187 ft elevation and the nozzles. The lines from 

the bottles to each of the nozzles were desipned and sized so that equal resistance was created in 

each line. This minimized the possibility of uneven flow to each nozzle. The feed system was 

designed to deliver a smooth even distribution of flow to each nozzle. Visual and pressure checks 

confirm this to occur. 

The original sorbent injection nozzles were comprised of a 1.5 in ID inner pipe end a 

concentric 3 in outer pipe, creating an annular ares through which booster air flows. The nozzles 

could be tilted through a 30° arc. The nozzles at the lowest elevation could be tilted f 15O from 

horizontal. Those at the other two levels could be tilted from horizontal to 30° down from 

horizontal. Figure 8 shows an injector nozzle and its relation to the wall injection port. 

A radial fan supplies booster air which flows through the outer annulus of the nozzles just 

described. The high velocity carries the sorbent particles further into the boiler than they would if 

only conveyinQ air was used. Booster air flow is controlled by the distributed control system 

(DCS). A siQnal from a flow transmitter at the fan outlet is sent to the DCS, which then opens or 

closes a vortex damper at the fan inlet. The booster air also provides coolinQ air for the nozzles. 
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Humidification Svst~f~ 

The humidifier was constructed on the roof of the boilerhouse where the plant’s original 

ESP was located. It was desiQned with 100 percent bypass capability so that Ohio Edison would 

not have to shut down the unit if there were problems with the humidifier. The bypass flue 

functions in parallel with the existing flue which runs between the air heater outlet and the ESP 

inlet. The layout of the humidifier and bypass system can be seen in Figure 7. PiQure 8 is a 

schematic representation of the ductwork from the air heater to the stack. 

When the boiler is on line, the humidifier system can be brought into service throuQh use of 

modulatinQ louver dampers. These same dampers provide a means for regulatinp flow through the 

humidifier should only partial treatment of the flue Qas be desired. Should internal maintenance be 

required, the humidifier can be isolated, even while the boiler is on line, throuQh use of guillotine 

shut-off dampers. Extensive safety interlocks protect aQainst improper damper operation which 

could lead to overpressurisation or implosion in the flue or boiler. 

The humidifier, sized to maximire evaporation and minimire wall wetting, is 14.6 by 14.6 ft 

square and approximately 60 ft long. Its sire allows for a 2 set residence time at desipn 

conditions. This corresponds to an inlet flue gas velocity of 27 ft/sec. The humidifier was located 

over the hoppers of the retired ESP so that, if need be, plates could be removed and ash could be 

emptied from the chamber thrOuQh these hoppers. Fortunately, this was never necessary. A 

drawing of the humidifier is shown in Figure 9. The hopper baffles shown in the figure were 

provided to minimire turbulence had lt been necessary to remove the floor plates. 

The structural support steel for the chamber was designed to hold a weiQht equivalent to 

that of the chamber with a build-up of one foot of ash in it. Strain Qauges on the support legs of 

the chamber monitored the weight. The humidification equipment would be shut down if a ‘high’ 

load was detected by these strain Qauges. 

The water used for humidification is supplied by the existinQ Unit 4 service water system. 

The water, stored in a tank on an upper floor of the boilerhouse, is used as cooling water for the 

atomizinQ air compressor as well. An in-line pump boosts the pressure to obtain the flow 

necessary for the compressor. The water then flows either throuQh a basket strainer and into the 

storaQe tank, or back to the raw water intake channel. The level in the tank is maintained by a 
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control valve. 

The water for humidification is pumped from the storage tank through another duplex 

basket strainer to a valve station. The valve station controls the water flow to the humidification 

chamber based on the humidifier outlet temperature set point. The inlet pressure to this flow 

control station is maintained by a back-pressure control valve which returns water to the storage 

tank. 

Between the flow control valve and the humidifier there is Yet a third duplex basket 

strainer. The flow splits after the strainer and goes to the north and south atomizer supply 

headers. Each header can supply eleven lances. The water supply to the individual lances was 

designed to pass through an in-line ‘Y’ strainer, three-way air purge valve, and an air operated ball 

valve. Atomizing air is used to operate this ball valve. This ensures that the ball valve closes and 

stops the water flow if there is no air flow to the lance. This prevents unatomized water from 

entering the chamber and causing serious problems, since unatomized water would quickly lead to 

massive ash accumulation and large quantities of deposits that would be difficult to remove. 

Manual plobe valves are installed on the water feed line to each lance to balance flow. 

These valves serve to equalize the pressure losses that are inherent in the vertical supplY header. 

An automatic system operating on differential pressure signals was provided, but did not account 

for slight side-to-side differences in flue gas temperature and flow. The manual control valves 

allowed for fine tuning of the flows based on outlet temperature measurements. Once set, these 

valves would maintain the desired bias for days at a time, even with changes in unit load and gas 

flow. For the purposes of the tests conducted, flow transmitters were installed on each lance and 

the signal sent to the OCS. 

A three-stage, centrifugal compressor pulls air through an inlet filter located on the roof to 

provide the atomiration air required. The air passes through first and second stage intercoolers and 

moisture separators. The discharge from the third stage is sent to an air receiver. 

A control valve maintains a set differential pressure between the air header and water 

header pressures. This valve is located just downstream of a ‘Y’ filter in the air line directly 

downstream from the air receiver. After the control valve, the air header splits in the same fashion 

as the water header to form the north and south lance headers. These supply up to 22 B&W 
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patented lances, 11 each in the north and south spray deck enclosures. The lines routed from the 

header to the individual lances each have a manual shut off valve and a ‘Y” filter. 

The patented B&W Mark XII atomirer was selected for use in the humidification chamber. 

Each lance holds five of these nozzles. The nozzles are of the two-fluid type in which water and air 

are mixed within the nozzle and blow out through orifices to provide the necessary atomization. 

The lance design places the nozzles inside nacelles to reduce pressure drop and ash build-up. 

Figure 10 shows a cross-sectional view of a nozzle inside a nacelle. The nozzle was chosen after 

performance tests showed it to be superior to other commercially available nozzles. 

The arrangement of the lances and their numbers, as well as the number of atomisers, was 

determined by tests described earlier. The reason for the tests was to minimize wetting of the 

humidifier walls, floor, and ceiling. The lances also had to be placed so that the spray from the 

atomisers did not impinge on each other and cause coalescence of the spray into larger droplets. 

The flow models and tests led to an atomizer array ten across by eleven high. The 

atomirers were spaced approximately 12 in apart. With five nozzles per lance, a total of 22 lances 

were necessary for the array. The lances are shaped like an airfoil. Eventually only 20 lances were 

used, ten on each side, after it was determined that the spray from the lowest row of atomizers 

could impact some material on the floor of the duct and cause accelerated build-up. Figure 11 

shows the layout of the array with dimensions. Figure 12 shows the layout and a more detailed 

look at a lance. 

The lances are hollow and open to the atmosphere outside the chamber. The negative 

pressure in the chamber causes air to be sucked through the vent and exit openings in the lances 

surrounding the nozzles. This air is referred to as shield air and serves to keep the atomized water 

from swirling back and contacting the surface of the lance and the nozzle. Wetting of these 

surfaces can cause a build-up of LIMB ash. 

A reheat system wes installed upstream of the stack at the ESP outlet to protect the 

gunite-lined stack for Unit 4 at the Edgewater Station. The condensing-type steam coil reheater 

was designed to increase the flue gas temperature 40°F above an anticipated 145°F coming from 

the humidifier. This was the temperature expected as a result of cooling the flue gas to a 20°F 

approach to the adiabatic saturation temperature. 
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Saturated steam, at approximately 1600 psig from the boiler, feeds through a pressure 

reducing station and a flow control valve. It enters the reheater at 300 psig and 423OF. The 

reheater consists of four sections which are all independently valved. This allows for removal and 

maintenance on any of the sections while the others remain in service. Platforms and trolley 

beams were provided so this work could be performed if necessary. 

&b Removal Svstenl 

A pneumatic conveying system uses a vacuum created by a hydraulic exhauster to pull ash 

from the air heater, economizer, and ESP hoppers, and transport it to the Unit~4 ash silo. The ash 

is separated from the air stream through use of a cyclone separator and a baghouse. The air 

stream continues to flow to the eductor in the exhauster system. A dust pugger was added to 

keep the throat of the eductor clear as the LIMB ash tended to build up more quickly than regular 

fly ash where the air and entrained ash mix with water. The air and water used to create the 

vacuum mix in the eductor and flow to an air separator. At this point the air is vented and the 

water flows to the ash settling pond. This water is neutralized with sulfuric acid as necessary to 

reduce the alkalinity caused by the LIMB ash particles that bypass the separation equipment. 

Water is mixed with the LIMB ash in a pug mill under the ash storage silo to condition it for 

transport and disposal. The ash is fed to the pug mill through a variable speed rotary valve. 

Aeration pads in the bottom of the ash silo keep the ash flowing into the rotary valve. The rotary 

valve controls the rate of ash feed into the pug mill. The flow rate of water is also tightly 

controlled. Enough water is added to slake the free lime component and keep fugitive dust 

emissions to a minimum. The slaking reaction is exothermic and can result in the generation of 

voluminous clouds of condensed steam. Extra water is added to compensate for that which 

evaporates in the process. Adding too much water causes the mixture to turn to a sludge that, 

given the proper proportions, can harden through a series of cementitious reactions. Lesser 

quantities of water slow these reactions and also produce an ash with the consistency of a moist 

dirt that can readily be dumped from the trucks. A diagram of the ash handling system is shown in 

Figure 13. 

The pug mill discharges directly to a dump truck waiting below. The water/quicklime 

reaction continues and the steam clouds gradually subside after about 10 to 15 minutes in the bed 

of the truck. The wetted ash is then taken by truck to a landfill. It is noted that even though the 
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steaming subsides, the ash temperature decreases much more slowlv than the steaming subsides. 

Ash temperatures in the truck bed have been measured as high as 260°F, and the main body of 

ash and any metal truck walls in contact with it will remain very hot for several hours. Ash treated 

at any given water/quicklime ratio and spread on the ground will cool more quickly, of course, with 

the rate dependent upon ambient conditions and the area available. 

SYSTEM MODIFICATIONS 

arbent Storm and Transfer Sm 

The speed of the solids pump below the storage silo was increased to raise transfer 

capacity. This was accomplished by resheaving the V-belt drive. This was necessary because of 

the relatively low bulk densin/ and fine particle size of the hYdrated lime. In addition, the shaker- 

type baghouse on top of the lime feed silo was replaced with a greater capaciry pulse jet unit fitted 

with Gore-Tex” bags. This change permitted filling of the silo at the original design rate. 

Sorbem Feed !Cimem 

When the differential weight loss feeders would go into a fill cycle, sorbent would flow into 

them too rapidly and cause materiel to flood through. Rotary valves remedied the situation. By 

adding them at the discharge of the feed silo, the feeders filled in a slower, more controlled 

fashion. 

The differential weight loss feeders were vented to the economiser outlet to minimize the 

flooding that occurred during fill cycles. The slightly negative pressure at the economiser outlet 

helped to keep the vent lines clear and reduce flooding. 

A vent hopper was added to help relieve pressure in the rotary valves downstream of the 

feeders. The design of the hopper allowed for any sorbent entrained in the vented air to drop out 

and return to the valve. The vent hopper itself was vented to the air heater outlet. The slightly 

negative pressure helped to vent the hopper. 

The feed system as it was initially designed used a dense phase air system to convey the 
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sorbent from the pickup point below the rotary valve. Dilute phase air was then mixed in and used 

to convey the sorbent to the distribution bonle through a 2.5 in pipe. This method of conveyance 

created too much back pressure on the rotary valves. The high back pressure forced conveying air 

up through the valves and fluidized the sorbent entering the valve pocket which in turn reduced 

capacity. The dense phase system was eliminated and the 2.5 in pipe was changed to a 4 in ID 

hose. The removal of the dense phase conveying system eliminated all of the piping, valves, and 

transmitters associated with that part of the system. 

A solids pump was added to replace one of the rotary valves. System capacity was 

diffiiult to maintain without repeated adjustment of the seals in the rotary valves. The installation 

of the solids pump ensured steady, reliable sorbent feed with only a fraction of the maintenance. 

The inlet piping to the distribution bonles was increased to 4 in diameter to accommodate 

the 4 in ID hose installed to replace the original 2.5 in pipe. The lines from the distribution bottle 

feeding the 161 ft injection level nozzles were changed to 2 in ID from 1.25 in. The inner pipe in 

the nozzles on this level were changed from 2 in ID from 1.5 in. 

The ten across by eleven high array of atomising nozzles was changed to a ten by ten by 

removing the bottom lances on both the north end south sides. It was found that the spray from 

the bottom row was impinging on the floor and causing a build-up of ash. The remaining lances 

were changed to the design using nacelles for vent air to reduce the accumulation of ash on the 

nozzles. The lances were hollow and open to atmosphere outside the duct. The negative pressure 

in the duct pulls air past the nozzles and helps to reduce deposits on the atomiser tips. These 

changes led to improved humidifier performance. 

Removal Svstem As h 

The bags in the pulse jet bag filter on top of the ash silo were initially made of felt. These 

were replaced by Gore-Tex’ bags which hendled the fine LIMB ash particles more efficiently. 
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The vard sump in the ash unloading and storage silo area was rerouted to the neutralization 

equipment. This allowed water from wash-down in the unloading area to be treated before 

entering the ash pond. The area drains to a sump that collects water used to clean up yard spills. 

A second pH probe was added to improve neutralization control. A length of polyvinyl 

chloride (PVC) pipe was added after the acid injection point. This acted as a mixing chamber so 

the acid and water would be thoroughly mixed before reaching the ash pond. The second pH probe 

confirmed that the water had been properly neutralised. 
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SECTION 5 

TESTING 

DATA ACQUISITION AND REDUCTION 

Because the Clean Air Act and its amendments have historically emphasized the control of 

SO, emissions, the focal point of the LIMB Extension teats was the demonstration of the SO, 

removal capabilities of the sorbent injection process. While important in the overall view, emissions 

of NO. and particulate receive less attention for additional reasons. First, NO, emission control in 

LIMB was essentially set by the design parameters developed for the DR5XCL’” burner before and 

during the original LIMB demonstration. While the LIMB Extension provided an opportunity to 

explore some possible causes of variations seen in the course of that project, data was obtained 

more passively as the conditions changed during normal boiler operation, rather than through a 

rigorous series of parametric tests. 

The reasons for reduced emphasis on particulate emissions are twofold. The first is that 

ESP technology is regarded as a mature technology for which the effects of changing the 

independent variables are well established. The second is that the costs of conducting tests over 

the longer periods of time required to obtain steady-state conditions needed became prohibitive. 

One to two weeks at each test condition would have been necessary to develop truly meaningful 

data on particulate emission control. The benefits of conducting tests with much more frequent 

change in injection stoichiometry, and doing so over the range of boiler load, were regarded as 

having greater value. Continuous opacity data was considered to be a reasonable alternative as an 

indicator of the general impact of the technology on particulate emissions. 

Performance of the total system - boiler, sorbent injection system, and Radian 

Corporation’s Continuous Emission Monitoring System ICEMSj -- was monitored by the B&W Boiler 

Performance Diagnostics System 140”‘. Since the data presented in this report were taken from 

the output of this device, the following describes how the data were collected and handled by the 

System 140”. As part of the original EPA LIMB project, this computerised data acquisition system 

was expanded beyond its normal boiler performance function to a customized device capable of 

monitoring the additional equipment and analyzers associated with the LIMB technologv. It was 

also programmed to perform a variety of calculations specific to the technology, such as Ca/S 
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stoichiometry, as well as to reduce the data from the CEMS according to EPA-accepted procedures. 

The input data for the Svstem 140”’ consisted of approximately 700 temperature, pressure, 

flow, and gas concentration signals that were automatically read once a minute, together with 

manually entered coal, sorbent, and ash analyses that were updated as necessary. The system 

also accepted humidifier and pulveriser data, as well as ESP voltages and currents. Thus, the 

System 140”’ served as the primary date recording device for the project. Extensive quality 

assurance/quality control measures begun during the original LIMB Demonstration were continued 

throughout the project and ere summarized in Appendix C. 

As each set of readings was taken, the Svstem 140’” performed about 600 calculations 

that may be grouped into categories related to boiler performance, boiler cleanliness factors, 

sorbent injection parameters, humidification parameters, and emission data. Appropriate equations 

were incorporated to account for differences in sorbent chemistry. As time progressed, ten minute 

rolling averages of the input and calculated data were calculated for display in data lists and/or 2, 

8, 24, or 168 hour trend charts as appropriate. In many cases the most recent individual input 

data were similarly displayed. In addition, hard copies of the data lists and trend charts were 

obtained as needed. 

The Svstem 140” also performed several other functions associated with on-line error 

analysis, the redetermination of the LIMB system’s performance based upon recalculation of the 

stored ten minute averages with updated, ultimate coal and sorbent analyses received several days 

after the fact, and x-y plotting of trended values. The recalculation feature was included such that 

the ultimate coal analyses could be entered at a later date when the analysis was complete. 

The calculations of particular importance were those associated with the determination of 

coal firing rate and ‘inlet’ SOr, sorbent injection rate, and SO, emissions. These are described 

individually in the following paragraphs. 

Coal Pirino Rate and ‘Inlet’ SQ, 

It was decided early in the EPA project that the coal feeders at the Edgewater Station were 

of a type and vintage that would not readily provide the desired accuracy in feed rate. The 
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determination of coal firing rate by the System 140” was considered to be more reliable in that it 

calculates the rate based on the coal analysis and a series of heat and material balances derived 

from the temperatures, pressures, and flows measured throughout the boiler. While the exact 

equations within the System 140’” are derived from the original design of the Edgewater boiler and 

are considered proprietary, the pertinent portions here are quite similar to ASME PTC4.1 (American 

Society of Mechanical Engineers Performance Test Code), ASME Heat Loss Method, a standard 

calculation of boiler efficiency in which fuel rate is also determined. The product of the coal firing 

rate and the sulfur content of the coal is the basis for the sulfur term in the CalS stoichiometric 

ratio. The ratio of coal sulfur to its as-fired, high heating value (HHVj allows calculation of the 

‘inlet’ SO, on a IbllO’ Btu basis according to the equation: 

lnlet so,, Ib,lO~ Btu _ Dal S Iwt %l. lb1 11x10’ 8tullO’ Btul 164.062 lb SO,) 
(100 lb Coal) (HHV, Btu/ib coal) (32.064 lb S) 

Sorbent was fed from either of two Acrison differential weight loss feeders to any two of 

three elevations in the upper furnace. The feed rates output from the two feeders were summed 

by the System 140”’ to give the total sorbent injection rate. The product of this value end the 

calcium content of the lime or limestone determined by analysis was the basis for the calcium term 

in the molar Ca/S stoichiometric ratio calculated as: 

CalS = ISorbent. Ibihr’ (Sorbent Ca’oH” lwt %I lb1 ‘32.064 lb/lb m”l ” “O” lb ‘OaU 
(Coal. lb/Iv) (Coal S fwt %I, lb) 174.1 lb/lb mol CafOHj,) (100 lb Sorbentj 

[This equation is for hydrated calcitic lime. Equivalent~equations were used for the other 

sorbents.1 

SO. and NO. Emissions. 

Radian Corporation’s CEMS continuously analyzed several gases in the duct between the ID 
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fan, following the ESP, and the stack. The sampling point was confirmed to be a representative 

location according to EPA quality criteria. ‘I Figure 14 shows the extractive system used. The 

analysers were calibrated daily, excluding weekends and holidays. Calibration gases entered the 

system just downstream of the inlet filter in the ESP outlet duct. This verified the operation of the 

system in addition to confirming that there was no appreciable capture of SO, in the sampling 

system. The inlet filter itself was maintained at approximately 300°F, a temperature high enough 

to assure that no significant SO, removal occurred there as well. Heated sample lines carried the 

gas to a conditioner which removed moisture by condensing it. The dry gas then passed from the 

conditioner through a manifold which routed samples to each of the analysers. The gases 

monitored continuously included SO,, NO,, 0, (oxygen), CO,, (carbon dioxide), and CD (carbon 

monoxidel. Total hvdrocarbons were also monitored early in the EPA project, but were found to be 

at or below detection limits over the course of several months. For this reason, use of this monitor 

was discontinued. 

Most pertinently, SO, and NO. (each parts per million by volume tppmvlj and 0, (vol %j 

values were read every minute by the System 140”. The SO2 and NO, concentrations were then 

converted to a lb/l 0’ 6tu basis using the standard ‘F-factor’ equation and the measured 0, 

concentration to correct for dilution. The difference between this outlet SO2 value and the ‘inlet’ 

value described earlier represented the removal which, when divided by the ‘inlet’ SO,, gave rise 

to the removal efficiency calculated by the System 140”‘. using the moat recent ten minute rolling 

average values at any point in time. The equations used in the calculations were: 

Fd, Dry Standard Cubic Feet (dscfl flue GasllO’ 8tu = 

,l ;l$nBF, $3.64 x HI + Il.53 x C) + IO.57 x SI IO.1 4 x NI - 0.46 01 dscf Flue Gas/lb t&g. 
Coal ;HV, 6tuAb 

5 

where H, C, S, N, and 0 are the weight percentages of these elements and HHV is the 

high heating value of the coal on an -as received’ basis. 
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Outlet SO>, lb/l 0’ Btu = 

” I (SO,, ppmv dry) (?$9o 2 ‘21 IF,, dscf/lO’ Btu) (1.66~10” lb SO,/fppmv dscfjl 

where 0, is the volume percentage of oxygen in the flue gas measured at the same 

locetion where the corresponding SO, concentration (ppmv) is determined. All outlet gas 

concentrations were determined on a dry basis at the stack, and on a wet basis 

elsewhere (individual O2 at the economizer outlet, air heater outlet, and humidifier inlet 

and outlet; SO,, CO,, and H,O at the humidifier inlet/outlet where a dilution probe 

sampling and analytical system alternated between inlet and outlet sample gss. When 

appropriate for further calculations, gas concentrations measured on a wet basis were 

corrected to a dry basis, as for example: 

SO,, ppmv dry = (SO,. ppmv wet) f ’ 
00 % 

lOO-H,O,vol%’ 

where H,O is the volume percentage of water assumed or measured at the sample 

location. 

Similarly, 

Outlet NO. as NO,, IbllO” Btu = 

(NO=, ppmv dry) (2~‘.$o~ %I lF1, dscfll 0’ Btu) (1.194x1 0” lb NOJfppmv dscf)) 

The SO2 removal efficiency is then given by: 

SO, Removal Efficiency, % = (100 %I ‘Inlet so* - Oudet “*’ lb”‘* Btul 
Inlet SO,, IbllO’ Btu 

TEST CONDITIONS 

Since the high temperatures in the furnace precluded the continuous measurement of the 

‘inlet’ SO, concentration, tracking of coal quality wss of paramount importance during all sorbent 
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injection tests. This began with ‘truck” and “bunker” samples collected and analyzed by Ohio 

Edison as part of their normal analytical procedures. These analyses, available approximately a 

week after the samples were collected, were generally used to assure that the coal quality of 

individual suppliers was generally within the desired tolerance, and occasionally to explain 

otherwise anomalous variations. In accordance with Ohio Edison’s statistically designed sampling 

program, the truck samples were collected with s sampling auger and the bunker samples with a 

cross-cut coal stream sampler. 

In order to have as invariant a composition as possible, Ohio Edison unloaded trucks at the 

rear of the coal pile and then bulldozed the coal forward through the pile. This tended to blend the 

coals together and lowered the variability of the coal loaded to the bunker. This lower variability is 

manifested in the lower standard deviations in the analyses of the bunker samples. 

The coal analyses input into the System 140’” were based on the ultimate analyses of coal 

samples automatically collected from the pipes exiting each of the four pulverizers at Edgewater. 

The samples were generally obtained daily through the 5-day work week. Composite samples were 

sent to CTECo for the ultimate analyses, while 4 to 6 samples were typically analysed with the 

on-site Leco sulfur analyzer periodically throughout test days. The Leco sulfur analysis, available 

within 30 to 45 min of sample collection, provided as close as possible a *real time” measure of 

the adequacy of the coal sulfur value being used in the System 140’. and of the variability of the 

sulfur during test periods. A significant change in this value would invalidate the period as a test. 

The lower sulfur content found in the ultimate and Leco analyses, as compared to the 

bunker analyses, is believed to be due to the removsl of pyritic sulfur in the ‘pyrite traps” built into 

the design of the coal pulverizers. No credit was taken for this sulfur removal, however, since the 

calculations were all performed on an ‘as-fired’ basis. (‘inlet’ SO, values were obtained from the 

SO, concentrations resulting from the coal actually burned). 

Before a test could begin, a ‘baseline’ or .xero. SO, removal efficiency for the system had 

to be established when no sorbent was being injected. This was accomplished by adjusting the 

value of the sulfur content of the coal analysis input to the System 140’“. The removal efficiency, 

calculated as shown earlier in this section, had to remain steady near xero Itypically within f 3% 

for 30 to 60 min) before a test could begin. This manipulation of the coal sulfur concentration was 
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necessary to keep the System 140’” data base current with the coal being fired. By adjusting the 

sulfur concentration of the current coal analysis to force the removal to zero, the “inlet’ SO, 

concentration was effectively being changed to make it agree with the measured outlet SO, 

concentration. This not only served to ‘zero. the system SO, removal, but also kept the coal 

analysis current with the coal being fired. 

After the -zero baseline’ SO, removal had been achieved, sorbent injection began. The 

desired Co/s ratio was input into the control system and the injection equipment started. Visual 

inspection verified sorbent flow through all of the injection nozzles. 

The system SO, removal would begin to climb immediately upon introduction of sorbent 

into the furnace, and after some length of time, level out. This usually required about one half 

hour. Sorbent injection would continue at the desired stoichiometry until the removal efficiency 

remained at a near constant level for at least a half hour, the minimum time considered acceptable 

for a test. fThe average duration of the 223 tests conducted during the project was 134 min, with 

individual tests ranging from 30 to 710 min.) In addition to the uniformity and constancy of Leco 

coal suffur, sorbent feed, and SO, removal, valid tests required that boiler operation remain 

constant as well. Thus, parameters such as load, coal flow, steam flow, and flue gas oxygen 

concentration (combustion air) likewise had to remain steady at the desired values throughout the 

test period. 

The demonstration of system operability during non-test periods was also an important 

facet of the project, with unit load being the key parameter to which the LIMB control system 

responded. Thus, while performance was characterized during test conditions, reactions to 

unintended upsets such as pulverizer trips, as well as to such intentional ones as load changes, 

were just as much real ‘tests? of the technology. While steady-state performance data were, by 

definition, impossible duriiig such incidents, LIMB system operability was shown almost always m 

be responsive with as rapid a proponional change in sorbent feed as the change that prompted it. 

The same was generally true for the humidifier as the water flow would change to accommodate 

changes in gas flow. Had it not, large deposits would have formed quickly given the fact that the 

unit’s general panem of operation carried it to full load during the day and minimum load 

(approximately 33 percent of full load) at night. 
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Finally, the DRB-XCL”’ burners originally installed as part of the EPA LIMB project continued 

to function well throughout the LIMB Extension and produced overall NO, emissions slightly lower 

than those seen during the earlier project. In this sense, the data collected over the whole range of 

boiler operating conditions can be thought of as constituting the “tests. of the low NO, burner 

technology. 

EXAMPLE OF A TEST 

This section discusses one test period in detail to provide the reader with a more concrete 

example of how the data was acquired and reduced. The CEMS stripchart recorder trsce for LIMB 

Extension test LE-85 is shown in Figure 15. The test is also identified as DL87-85 which indicates 

the injection of dolomitic lime at the 187 ft elevation. As can be seen, the SO2 concentration 

remains constant until just after sorbent injection begins at 10~24. It rapidly drops about 35 

percent, and then begins to level off at about 40 percent removal 30 to 40 min after sorbent wss 

first injected. Test data are collected for about 5.5 hr. whereupon the sorbent feeder hoppers and 

lines are emptied. With all feed off by 17:OO. the SO, concentration slowly returns toward its 

baseline level. The return to baseline is slow as residual, unreacted lime spread throughout the 

boiler is either purged or continues to react at reduced rate until it is consumed. The time required 

for this varied among the tests from about one to four hours depending to a large extent on the 

load and the operators’ preferences in sootblowing. For this test, the return took about 1.5 hr. 

In order to facilitate data reduction, selected 10 min average data collected in the System 

140’” were routinely downloaded onto a floppy disk in a spreadsheet format. These data were 

then used to calculate average values either for relatively short, individual test periods in the case 

of SO, removal, or accumulated over a period of months for characterizing long term NO. 

emissions. Table 1 shows some of the selected data copied to the floppy disk, to which notes 

have been added indicating exactly which data were used to define the -zero. baseline and average 

SO, removal efficiency of test LE-85 lDL87-851. 

Analyser calibrations, followed by any necessary adjustment of the coal sulfur, typically 

preceded each test. For test LE-85, the 07~15 Leco coal sulfur measurement had been 1.66 

percent, quite close to the 1.56 later measured for the 14:OO sample, and to the 1.59 and 1.55 

percentages measured on the daily composite samples analysed on-site and by CTECo. 
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respectively. Jus$ before the test, the coal sulfur used in the System 140’” was changed from 

1.49 to 1.55 percent, resulting in the change in calculated SO, removal between the 09:45 and 

09:55 updates in Table 1. (In the table, breaks in the emission-related data every two hours 

correspond to values disregarded during purge of condensed water from the CEMS gas conditioner. 

Momentary introduction of air for these purges gives rise to the large spikes in Figure 15.) 

SO* removal efficiency remains near zero for the three updates before sorbent injection 

begins. By the lo:25 update, both feeder A and feeder B are showing flow. The removal 

efficiency rises rapidly at first, and then more slowly after 10:45. Beginning with the 11:05 

average, it levels off in the 40 to 48 percent range for the following 330 min. After the test, 

sorbent injectjon slows during hopper and line purging f16:35 to 17:05j. with the feed shut off, 

SO, removal returns to near zero by 1605. 

The 33 ten minute updates are then used to produce a test average 43.86 f 3.93 percent 

SO, removal (corrected for the -0.82 percent ‘zero’) at a 1.95 f 0.00 CalS ratio. The variabilities 

correspond to twice the standard deviations and represent a 95 percent confidence level. The 

compilation of test data in this way then forms the basis for the discussion in the emissions results 

section to follow. 

SOI REMOVAL TEST CONDITIONS 

The primary variables studied during the LIMB Extension test period were sorbent type and 

sulfur content of the coal burned. Other independent variables were stoichiometry, humidifier 

outlet temperature (approach to saturation), and the sorbent injection level. 

The project we8 designed to demonstrate the SO, removal efficiency of four sorbents: 

calcitic limestone (CaCO,), type-N atmospherically hydrated dolomitic lime [CafOH), * MgOl, and 

calcitic hydrated lime fCafOH),l, both elona and with added calcium lignosulfonate (hereafter called 

ligno lime). The testing was conducted over a range of calciumlsulfur molar ratios fCa/Sj and 

humidification conditions, while burning Ohio coals with nominal sulfur contents of 1.6. 3.0. and 

3.8 percent by weight. A chronological summary of the various facets of the LIMB Extension test 

program is shown in Table 2. 
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The coallsorbent combinations of 3.0 percent sulfur coal with calcitic hydrated lime and 

ligno lime, demonstrated during the EPA-sponsored program, were not repeated. The 3.0 percent 

sulfur coabligno lime combination was used to verify equivalent system operation, however. This 

took place following the conversion of equipment back to a furnace injection configuration efter the 

Coolside duct injection tests were complete. The coal/sorbent combination of 3.8 percent 

sulfurAimestone was not tested. Results with the two lower sulfur coals indicated that compliance 

with the plant’s 30-day rolling average emission limit of 3.4 lb SO, /lOa Btu could not be 

maintained whii testing this combination. Two more finely ground calcitic fiiestonea were tested 

while burning nominal 1.6 percent sulfur coal. This was done because the more coarse material 

originally used resulted in unexpectedly low SO, removal (discussed in more detail in the next 

section). 

For the coals used during the demonstration, the flue gas saturation temperature was 

approximately 125°F. Minimal humidiication of the flue gas is defined as operation at a humidifier 

outlet temperature sufficient to maintain ESP performance. That temperature was typically 250 to 

275OF. There were times during the demonstration that the humidifier did not have to run to 

maintain ESP performance. This was true during the limestone testing. During some of the early 

testing of dolomitic lime in August and September of 1990, runs were also made without 

humidification because the humidifier lance assemblies were not on site. These tended to be 

shorter (2 to 3 hr) tests. Close approach testing, as used in this report, is defined es tests 
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conducted during operation at about a 20°F approach to the adiabatic saturation temperature of 

the flue gas, measured at the humidifier outlet. 

The range of CalS stoichiometries tested for any one coallsorbent combination was 

typically 0.8 to 2.2. Sometimes tests were performed outside this range, but not often. A couple 

of tests were run above 2.5 to assure the feed system’s capability of delivering the higher mass 

feed rates with the dolomitic lime. 

Research had shown that optimum sorbent reactivity and sulfation are obtained in the 

temperature range of roughly 1600 to 23OOOF. The injectors were located where the flue gas 

temperature in the boiler is at the upper end of this range. This led to the selection of three 

different injection levels in the Edgewater boiler, at plant elevations 181, 187, and 191 ft. The 

181 ft plant elevation is slightly below the nose of the boiler. The injection ports at this elevation 

are all located on the front wall opposite the nose (Figure 161. The 161 ft level corresponds to a 

temperature of about 2300°F in the boiler at full load. The higher injection levels correspond to 

temperatures a few hundred degrees cooler, since there was some concern during the design 

stages that even the 2300°F average temperature might be too high. 

SCHEDULE 

Sorbent was injected into the furnace not only to obtain parametric test data while 

demonstrating LIMB techndogy, but also to maintain the plant’s 36day rolling average, SO, 

emission limit of 3.4 lb/lo’ 8tu while the higher sulfur coals were being burned. This required that 

the test schedule had to be interwoven with the normal variations in electrical demand placed upon 

the plant and the emissions that result from any given set of operating conditions. This led to the 

almost daily updating of a projected 30 day rolling average as a guide in selecting test conditions 

on any given day. Anticipated SO1 emissions, based on results already obtained, were used to 

forecast what the impact would be with respect to the compliance limit. Conserving sorbent when 

it was not needed for test or compliance was likewise important as it minimized project costs. The 

overall schedule shown in Table 2 is the result of all these considerations. 

In daily practice, sorbent was usually shut down for a short period of time each morning 

during the five-day work week, to calibrate the instruments and obtain a zero. It was then 

restarted for tests and to maintain compliance. Thus, the LIMB system operated elmost 
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continuously during the time when high sulfur coal was being burned. When there was no danger 

of exceeding the plant’s emission limit, the LIMB equipment was operated only for test purposes. 

This generally occurred during the use of the 1.6 percent sulfur coal and produced test runs of two 

to six hours. This operational philosophy conserved sorbent, minimizing project costs while still 

demonstrating the system’s capability. 

The test runs anempted during the LIMB Extension are listed in Appendix D. One column 

on this list indicates whether or not the run resulted in a test data point in the final plots of SO2 

removal efficiency as a function of Ca/S stoichiometry. If the test was not used, there is an 

explanation in the comments column. The column entitled ‘# of Ten Min Averages in Test’ shows 

how many ten minute averages were used for the data point. This is the time the system was at 

steady-state, and does not include the time needed to zero the system or to reach steady-state 

conditions. 
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SECTION 6 

EMISSIONS RESULTS 

The highest furnace SOI removals measured during the LIMB Extension, on the order of 60 

percent with minimal humidification and a 2.0 CalS stoichiometry, occurred when calcitic hydrated 

lime was used as the sorbent. Little, if any, difference in reactivity appeared between the ligno 

lime and the normal commercial material, unlike observations made during the EPA project when 

the former performed bener. Dolomitlc lime resulted in about 50 percent removal, and calcitic 

limestone 20 to 40 percent depending upon the panicle size, under the same conditions. These 

removal efficiencies increase by approximately 10 percent absolute when the flue gas is saturated 

to within s 20°F approach to the adiabatic saturation temperature. The degree of SO, removal 

depends to a lesser extent on such factors as the inlet SO, concentration and the exact 

temperature within the suffation temperature window (injection level). The B&W DR&XCL’” 

burners continued to provide NO. emissions on the order of 0.45 IbllO’ Btu. Anempts were made 

during the LIMB Extension to identify the causes of variations first noticed during the EPA 

demonstration. Particulate emissions, as judged from the continuous opacity measurement, 

continued to remain at low (2 to 5 percent) levels when an appropriate degree of humidification 

was employed. Usually, this meant maintaining a humidifier outlet temperature of 250 to 275OF. 

Leading into the discussion of the test results, the three subsections immediately following describe 

details of data acquisition and reductlon pertaining to the individual emission results. 

SO, DATA 

Tests were run in accordance with the procedures and practices outlined in the last section. 

All the data collected by the System 140 were stored on both a hard disk and magnetic tape as 

10 min averages. Once each week selected data were copied from the hard disk onto e 5.25 in 

floppy disk to far&ate reduction and analysis. Each floppy disk is capable of holding seven days’ 

worth of 10 min averages for twenty separate variables. At least five, and many times six, of 

these floppies were collected each week. These contained what was considered to be the more 

important of the approximately 1300 input and calculated parameters. Once every thirty days a 

new magnetic tape had to be installed, with the full tape being copied and stored. 

The data on the floppy disks were converted to a format in which they could be 
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manipulated on a computer spreadsheet iTable 1 is a partial example of the end result). The data 

are screened to reject values of -9999 automatically inserted by the System 140”‘when instrument 

were out of service (e.g., during purge of the CEMS gas conditioner). At the same time any other 

obviously erroneous data is also rejected. The data are then broken down into specific periods 

representing the desired zero and test conditions, as is indicated in the first column of Table 1. In 

the process, other critical data, such as coal and sorbent feed rates and humidifier outlet 

temperature, are examined to determine if they have remained constant throughout the potential 

test period. If so, then the average and standard deviation is determined for the zero and test 

periods. The average SO, removal for the zero period is subtracted from that of the test period to 

yield the corrected system SO, removal for the average CalS stoichiometry of the test period. 

The plots of SO, removal efficiency as a function of stoichiometry are then constructed 

from the averaged data for the various conditions. These include curves for the different 

combinations of coal and sorbent, injection at specific elevations, and humidifier outlet 

temperatures. A curve-fitting algorithm incorporating a standard least squares approach was used 

to compare the stoichiometrylremoval efficiency data. The comparative figures displayed 

throughout this report show the first order fit of the data over the range of stoichiometries tested. 

Each fit was forced through zero percent SO, removal for the baseline condition. A second order 

fit with a diminishing increase in removal would be expected to describe the dependency more 

appropriately at higher stoichiometries. Its use, however, produced erroneously shaped curves in 

cases where 8 relatively small number of individual tests were performed. The first and second 

order fits indicated a difference of only a couple of percentage points at a stoichiometry of 2.0 for 

some cases where sufficient data points existed to make a comparison. Since this difference is 

well within the uncertainty interval, the first order plots are considered to be a reasonably accurate 

representation for comparisons made in this report. Individual points are shown in some of the 

graphs’to provide the reader with a visual perception of the data fit. For others, only the curve-fit 

lines are presented to facilitate comparisons that would otherwise tend to be obscured by all the 

data points. 

NO. DATA 

NO. data was continuously collected by the System 140” throughout the demonstration 

period, the only intentional interruptions being for analyser calibrations and CEMS gas conditioner 
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purge. With the exception of minor interruptions, the combined loss of only about five days’ data 

was the result of four instrument failures throughout the entire LIMB Extension. As described 

above, the data were downloaded onto floppy disks once each week and screened as were the SO, 

data. Because data taken during the EPA LIMB Demonstration appeared to show some variations 

that might be controllable, attempts were made to correlate NO. emissions with certain parameters. 

These included the independent variables of boiler load, percent oxygen in the flue gas, 

pulverixerslburners in service, and coal fineness. Even the potential correspondence with another 

dependent variable, CO emissions, was also explored. Unfortunately, no consistent correlation 

could be found. 

The NO. data were subsequently further reduced by compiling weighted hourly and daily 

averages which were then used to calculate 24 hr and 30 day rolling averages. This was done 

because regulatory agencies commonlv require NO. emission data in these terms. The weighting 

factor used was the coal firing rate. 

PARTICULATE DATA 

Ohio Edison’s continuous monitor provided the opacity data collected by the System 140”. 

The data were treated in much the same way as the SO, and NO,, with a daily calibration es the 

only regular interruption. Unweighted averages are used in the comparisons made later in this 

section. The opacity is regerded as a reasonable comparative indication of particulate emissions 

associated with the LIMB process, although much longer runs at steadv-state conditions would 

have bean required to define ESP performance more precisely. 

TESTING 

The LIMB Extension tests began in April 1990 with ligno lime being injected while burning 

3.0 weight percent sulfur coal. This combination had been studied during the EPA project. These 

first few tests with this coal/sorbent combination confirmed equivalent system operation after the 

switch back to furnace injection from the Coolside duct injection .configuration. The LIMB 

Extension tests ran through August 1991, with 299 tests being attempted. 

Of the 299 tests (Appendix Dj, 224 provided the data plot-ted in the SO, removal VS. CalS 
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stoichiometrv curves that follow. Significant variation in coal sulfur content, changes in boiler 

operation, and mechanical malfunctions were the three most common reasons for aborting or 

otherwise not using test data. The comments column in Appendix D provides the general reason 

for not utilizing any given test’s data. For reduction and analysis of the longer term NO. and 

opacity data, only analvzer malfunctions caused data to be ignored. 

The least number of points used for any one test ware three ten-minute averages, the most, 

71 ten-minute averages. These numbers do not reflect the time required to -zero* the SO2 

removal, begin sorbent injection, and reach steady-state. When these factors are added in, no test 

was less than two hours in duration. The average test was over three hours long. 

COAL-SORBENT COMBINATIONS 

The number of tests anempted and evantually used for the SO,/stoichiometry plots are 

outlined in Table 3 for the various coallsorbent combinations presented later in this section. There 

were fewer tests with the two finer limestones. Limited testing with these sorbents was 

undertaken only after the removal efficiencies obtained while injecting the more coarse material 

were less than expected. As noted earlier, the coallsorbent combination of 3.0 percent sulfur and 

limestone was not anempted due to the difficulty projected in maintaining compliance with the 

plant’s 30-dav rolling average SO, emission limit of 3.4 lb/l 0’ Btu. 
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The total amounts of each coal and sorbent used during the LIMB Demonstration are shown 

in Table 4. The numbers are presented to provide the reader with some idea of the magnitude of 

the effort on each of the combinations. However, because usages were frequently biased in one 

way or another for the purposes of the demonstration, the figures should not be used to infer 

average rates of consumption or stoichiometry. As might be expected, the quantity of dolomitic 

lime was the greatest due both to its unreactive magnesium component and the fact that full tests 

were run with all three coals. Prior EPA tests reduced the amounts of the commercial calcitic and 

ligno lime that had to be tested. 

Tests with the calcitic limestone were limited to those with the 1.6 and 3.0 percent sulfur 

coel due to the lower removal effkziencv obtained. As noted earlier, the two finer grinds of 

limestone were tested in reduced quantities to explore the effect of particle size differences. Onlv 

two truckloads of the finest limestone, loaded directly into an empty feed silo, were injected. 

While its use was considered important to define a limiting condition, longer term tests were not 

warranted. This is due to the fact that current processing techniques make the cost of this 

material about quadruple that of either of the two more coarse sizes tested. 
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Table 5 contains typical analyses of the sorbents used. Samples were collected 

downstream of the differential weight loss feeders. An American Society for Testing and Materials 

(ASTM) titrimetric procedure for the determination of available lime’was used for the commercial 

calcitic and ligno limes. The CaCD, content of the limestones was likewise determined 

titrimetricallv. The analysis in the table includes the results for all three size distributions. 

Dolomitic lime samples were analysed for both calcium and magnesium by atomic absorption 

spectrophotometry since it was not known how much variability might occur for each element. 

The calcium value was converted to equivalent Ca(OHjz. As can be seen, the quality of the 

sorbents did not fluctuate appreciably. 

Particle size distributions were determined for the various sorbents during the project. 

Figures 17 to 22 present plots of these distributions. All the limes were much finer than the two 

more coarse limestones. The size distribution of the finest grind of limestone, however, 

approached that of the limes, and is thought to be at least partly responsible for its greater 

reactivity. Those of the two finer limestones compare well with the distributions given in the 

supplier’s literature. 
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Figure 17. Typical particle size distribution of calcitic hydrated lime 
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Figure 18. Typical particle size distribution of ligno lime 
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Figure 19. Typical particle size distribution of type-N dolomitic hydrated lime 
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Figure 20. Typical particle size distribution of coarse limestone (80% < 44pm) 
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Figure 21. Typical particle size distribution of fine limestone (100% < 44 pm) 
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Figure 22. Typical particle size distribution of very fine limestone (100% < 10 pm) 
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As briefly described in Section 5, the variability of the coal sulfur content generally 

decreased between the truck and bunker sampling points, and again between the bunker and the 

burner coal pipe. This improved variability is attributed to the mixing that occurs as the coal is 

progressively moved through the yard and bunker, and eventually in the pulverizer just before 

entering the burner. In addition, the coal sulfur content itself drops between the bunker and the 

burner pipe sampling locations lone on the discharge of each pulverirer with an analysis of a 

composite sample being the norm). This is believed to be due primarily to the effectiveness of the 

pyrite traps that are part of the B&W ‘E’ pulverirer design. The automatic samplers installed on 

the burner pipes were specifically placed in that location so that the samples would reflect the *as- 

burned’ condition, rather than just what was loaded to the bunker. These trends are evident in 

analyses provided in Tables 8, 7, and 8 for the truck, bunker, end burner pipe samples, 

respectively. Table 9 similarly provides the data demonstratinp the agreement in sulfur content 

between the CTECo analyses of burner pipe samples and those determined on site using the Leco 

analyser. 

SO, REMOVAL EFFICIENCY 

The constant supply of sorbents and coals of known quality was essential to the project 

ooal of demonstrating the generic applicability of the LIMB process. The experimental effort 

focused on quantifying the effects of the primary parameters to be considered by a utility 

contemplating use of the technologv. These included coal sulfur content, type of sorbent, 

limestone particle size, injection level, and flue gas humidification. Since the degree of SG 

removal desired might easily span a fairly broad range depending on the utility’s overall compliance 

strategy, all were characterized over a range of CalS molar ratios. 

As noted at the bettinning of this section, a second order correlation between removal 

effciency and stoichiometry probably beat describes the overall result of a diminishing increase in 

removal as stoichiometry increases. Although much more sophisticated models’.’ more properly 

describe the interrelated kinetics of the simultaneous calcination, sinterin& and sulfation reactions 

taking place, the second order correlation might be thought of as,representing a simpler contracting 

sphere or cube model that corresponds to a reacting sorbent particle whose surface gradually 

becomes coated with the reaction product. Diffusion of an increasingly lower concentration of SO, 

through the product layer and into the inner pores of the sorbent leads to an apparent lower 

reactivity of the sorbent overall. For the reasons described earlier, however, first order fits are 
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comparatively unreactive sorbent. Perhaps this reflected a lower sensitivity of this sorbent to the 

SOI concentration, though experimental error may just as readily be used to explain the observed 

results. 

Sorbent ChoicQ 

The differences in reactivity obtained during the LIMB Extension are represented in Figures 

29, 29, and 30 for injection of the various sorbents at elevation 181 while using the 3.8, 3.0, and 

1.6 percent sulfur coals, respectively. Ligno lime had shown itself to be the most reactive sorbent 

during the EPA test program. During the LIMB Extension, commercial calcitic hvdrated lime 

performed equally well, followed by type--N’ dolomitic hydrated lime. Limestone yielded the 

lowest removal, though more finely pulverized material increased removal as will be described in 

the next subsection. 

Table 10 lists the SO, removals for each of the major types of sorbent under the specific 

conditions of injection at a CalS ratio of 2.0 at the 181 ft plant elevation, and with minimal 

humidification. The values obtained for the commercial calcitic hydrated and ligno limes during the 

EPA LIMB Demonstration while burning a 3.0 percent sulfur coal are included. Examination of the 

values in this table suggests that, with all else being equal, the use of dolomitic lime results in 

roughly six or seven percent (absolute) lower removal than when calcitic lime is injected. 

Limestone is even less effective with approximately 30 percent (absolute) lower removal. The 

values in the table also make it evident that the increase in coal sulfur from 1.6 to 3.0, end from 

3.0 to 3.8. percent resulted in a three to four percent (absolute) increase in removal with each 

step. 
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Figure 28. Effect of different sorbents on SO, removal while burning 3.8 weight percent sulfur coal 
and injecting at elevation 181 ,fi 
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Figure 29. Effect of different sorbents on SO, removal while burning 3.0 weight percent sulfur coal 
and injecting at elevation 191 ft 
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and injecting at elevation 161 ft 
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The 3.0 percent sulfur coalfiigno lime combination was run early during the LIMB Extension 

to verify system performance when the equipment was returned to a configuration for furnace 

injection following the Coolside duct injection tests. The runs made indicated performance on the 

order of 60 to 65 percent at a stoichiometrv of 2.0. Since this was quite comparable to that found 

during the EPA LIMB Demonstration, testing of the 3.0 percent sulfurllimestone combination began 

soon thereafter in May 1990. Ligno lime was not used again until February 1991 when tests were 

conducted while burning the 1.6 percent sulfur coal. By this time, the lower sulfur coal was 

expected to produce a reduced removal efficiency, though the 53 percent obtained was somewhat 

less than expected. Potential reasons for the differences were investigated, but none were 

identified. Subsequent tests with the 3.8 percent sulfur coal at the 2.0 stoichiometrv yielded about 

61 percent SO, removal, several percent lower than might otherwise have been expected. 

There are several possible explanations for the apparent difference in performance of the 

ligno lime between the LIMB Demonstration and the LIMB Extension, none of which have been 

proven. They are described here because some are already the subject of on-going research, while 

others might be explored in the future. One possible reason is that there were subtle changes in 

porosity and/or surface area of the sorbent, both of which are known to be quite important in 

reaction kinetics. Another may be that the lower efficiency was related to e variation in the 

calcium lignosulfonate used to prepare the ligno lime. Variations in composition and/or 

concentration may have altered its intended effect. No reedilv implemented analytical techniques 

have been developed for either the raw material or for determining its actual concentration in a lime 

sample. There was no substantial difference evident in the chemical analyses or particle size 

distributions of the sorbent samples taken during this period. 

A third possible explanation for the lower-than-expected SO, removal with the ligno lime is 

mechanical in nature. The tests run while burning the 3.8 and 1.6 percent sulfur coals were 

completed using the solids pump installed downstream of the feeders. The tests run while burning 

the 3.0 sulfur coal were completed using the original rotary valve configuration downstream of the 

feeders. It is envisioned that the solids pump would have a greater tendency to agglomerate the 

lime physically. Since there was no opportunity to try to observe a similar effect with the other 

limes, this question remains unresolved. One final explanation is simply that the relativelv smell 

number of tests during the original demonstration produced an average that would have been a few 

percentage points lower had more tests been run. This could only have been answered definitively 

at the time of the original demonstration. 
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Tests with a commercial, pulverized, calcitic limestone as the sorbent were first run in May 

1990. The material used at the time had a particle size distribution such that 80 weight percent 

wes less than 44m (325 mesh; Figure 201. This stone had been chosen because it was 

representative of readilv available material from commercial suppliers, and was similar to what 

some utilities have used in wet FGD applications. SO, removal efficiencies on the order of 22 

percent were obtained while injecting this sorbent at a stoichiometry of 2.0, and burning 1.6 

percent sulfur coal. Although pilot plant studies had produced a fairly broad band of efficiencies, a 

reduction of approximately 35 percent had been expected. ‘.’ The reason was not readily apparent 

at the time since there were any of a number of differences among the various pilot studies and the 

full-scale unit which could have produced the effect either individually or in combination with each 

other. 

Of the various parameters which might have caused the low removal with limestone, only e 

significant change in particle size distribution was considered worth trying at full scale because of 

its inherent simplicity. The oppoRunity to test a finer grind of limestone occurred in January 1991. 

A pulverized limestone with 100 weight percent of the particles less than 44&1m I325 mesh; 

Figure 21) generated removal efficiencies of approximately 32 percent at a stoichiometry of 2.0. 

This indication of the importance of size on SO, removal efficiency led to the selection of an even .’ 

finer material for further tests. 

The sot-bent selected was one for which the size distribution showed virtuallv all particles to 

be less than 1Ofnt-t (Figure 22). For this limestone, the removal effiiiency was about 40 percent for 

the conditions specified above. The relationships between Ca/S stoichiometry and SO2 reduction 

for each of the different grinds of limestone are presented in Figure 31 and clearly show how the 

finer materials improve efficiency. This increased removal is attributed in part to the greater 

surface area available es the size decreases. It is noted that the finest grind of limestone is almost 

as fine as any of the lime sorbents tested (Figures 17 to 191, indicating that the reactivity of the 

limes is not due to particle size alone, even though they produce a calcine of the same chemical 

formula. A reduced tendency of the limes toward sintering has been suggested as the reason.20.2’ 
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Figure 31. Effect of limestone grind on SO, removal while burning 1.6 weight percent sulfur Coal 
and injecting at elevation 181 ft 
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All limestones used were obtained in truckload quantities, with the two more coarse 

materials being approximately equal in cost. The very fine material was the finest found available 

in this large a quantity. This fine a limestone, however, may not be considered a viable alternative 

for LIMB application at this time. Its cost, on a truckload basis, is on the order of four times that of 

the other two. Long term contracts for larger quantities may make the economics more 

competitive, though the gap is considered substantial at present. 

!&g&g Level 

A preface to this subsection on the effect of injection level is necessary, as the effect is 

really due to the combined effects of differences in temperature and in the degree of mixing and 

dispersion of sorbent within the flue gas. Since neither could be rigorously quantified on a routine 

basis in the full-scale unit, e short review of issues considered during the original design phase of 

the EPA project provides some insight worth remembering during the discussion of the results. 

The fact that pilot studies had all shown the existence of a sulfation temperature window 

of approximately 2300 to 16OOOF for the various sorbents was fundamental to the design of the 

LIMB system. Temperature end flue gas velocity measurements at full load in the Edgewater boiler 

indicated that the window roughly corresponded to that area of the upper furnace between the 

nose and the secondary superheater. In addition, the complex gas flow patterns that result as the 

gas passes the nose into the upper furnace cavity, while at the same time cooling as it turns to 

enter the convective pass, were all taken into account. To a lesser extent, operation at lower 

loads, chenges in excess air, and/or placing specific burners in service were also recognized as 

having potential effects on temperatures and mixing. 

The final design included provision for injection ports located at the three plant elevations of 

181, 187, end 191 ft as shown in Figure 5, with elevation 181 ft corresponding to the upper end 

of the sulfation temperature window at full load. The lower two levels were initially recommended, 

with the ports at elevation 191 ft added in light of concern that a lower temperature might still be 

desirable, even though mixing end dispersion were more difficult to achieve et this level. Longer 

residence times were thought to compensate for lower temperatures associated with either 

operation at lower loads or injection et the uppermost elevation. While it was impractical to 

measure the actual temperatures at the upper two locations, a drop of approximately 200°F in the 

average temperature was estimated across each of the two gaps between elevations. 
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. 
In order to make the installed system at least somewhat adjustable to the conditions that 

would be encountered, the injection nozzles were designed for manual tilting through a 30° arc. 

However, tests during the EPA LIMB Demonstration revealed that the tilting feature did not lead to 

any significant changes in the performance realized. For this reason, no tests were conducted 

during the LIMB Extension on the effects of nozzle tilt. 

In comparison to the LIMB Extension, the relatively small amount of data obtained during 

the EPA LIMB Demonstration tests had shown that injection at elevation 181 ft resulted in greater 

SO, removal then that achieved at elevation 187 ft. Although the same general assessment is 

derived from the more extensive data obtained for the limes in this project, the evidence is not 

regarded to be as conclusive as originally had been anticipated for the reasons described above. 

Moreover, the results with the limestone perhaps show that the middle elevation is favored for that 

sot-bent. 

The first series of tests at the three injection elevations during the LIMB Extension were 

conducted with coerse limestone sorbent end 3.0 percent sulfur coal (Figure 32). These tests 

appeared to show that injecting et elevation 187 ft produced the highest removal, elevation 191 ft 

the lowest, and 181 ft en intermediate value. This was not unexpected in light of the pilot tests 

that showed limestone to be more prone to sintering. Subsequent tests while burning 1.6 percent 

sulfur coel indicated comparable results at elevations 181 and 191 ft Figure 33). Unfortunately, 

circumstances required that the tests move on to dolomitic lime before tests with limestone could 

be conducted at elevation 187 ft. At the time this was not a concern, since it was thought that 

there would be another opportunity to test this condition. The later decision not to pursue tests 

with the coarse limestone because of its overell low reactivity leaves one with the conclusion from 

the one set of tests with the 3.0 percent sulfur coal indicating that the 187 ft elevation wes 

optimal. Nevertheless, experience with the other sorbents, es described below, suggests that this 

conclusion be considered subject to further investigation. 

As the tests with the limes were in progress, differences among the elevations, particularly 

between elevations 181 and 187 ft. were not immediately obvious, though removals achieved from 

injection at elevation 191 ft elwavs appeared lower. Once all the data were plotted, however, the 

general trend pointed to slightly, though consistently, higher removals for injection at elevation 

181 ft (Figures 34 to 38) when compared to that at elevation 187 ft. The only exception to this 

appears in Figure 34 for dolomitic lime injection while burning the 3.0 percent sulfur coal. The 
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Figure 32. Effect of injection level on SO, removal while burning 3.0 weight percent sulfur coal 
and injecting coarse limestone 
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Figure 33. Effect of injection level on SO, removal while burning 1.6 weight percent sulfur coal 
and injecting coarse limestone 
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Figure 34. Effect of injection level on SO, removal while burning 3.0 weight percent sulfur coal 
and injecting dolomitic lima 
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Figure 35. Effect of injection level on SO, removal while burning 1.6 weight percent sulfur coal 
and injecting dolomitic lime 
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Figure 36. Effect of injection level on SO, removal while burning 3.8 weight percent sulfur coal 
and injecting dolomitk lime 
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Figure 37. Effect of injection level on SO, removal while burning 1.6 weight percent sulfur coal 
and injecting ligno lime 
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Figure 36. Effect of injection level on SO, removal while burning 1.6 weight percent sulfur coal 
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differences in removal between the two levels are regarded as real, though probably insignificant 

when compared to the difference between either and that obtained at elevation 191 ft. At this 

elevation, temperatures several hundred degrees cooler and flue gas flow patterns unfavorable for 

adequate dispersion of the sorbent combine to result in decreased SO, removal efficiency. 

Bevond this, the relative importance of the individual variables that constitute ‘injection level* 

cannot be determined from the data at hand. 

Humidification 

The installation of the humidification chamber capable of achieving a 20°F approach to the 

adiabatic saturation temperature of the flue gas provided the opportunity to enhance SO2 removal 

of the LIMB system and to permit demonstration of the Coolside process. Since the flue gas 

saturation temperature for the coals used during the LIMB Extension was approximately 125OF. 

‘close approach’ operation typically meant controlling the humidifier outlet IESP inlet) flue gas 

temperature at approximately 145OF. The humidifier was also frequently run in a ‘minimal 

humidification’ mode where the outlet temperature was usually set in the 250 to 275OF range, 

depending on the identity and feed rate of the sorbent, as required to maintain ESP performance. 

Close approach tests were run with the majority of the coalkorbent combinations tested. 

The most extensive tests were run using the ligno lime sorbent injected at the 181 ft elevation 

while burning 1.6 percent suffur coal. FiQure 39 presents the stoichiometrylS0, removal data 

obtained at close approach with comparable results with minimal humidification. These plots give 

rise to an approximate 17 percent absolute increase in SO, removal efficiencv at a stoichiometry of 

2.0. Similarly derived summary data for all the tests run are presented in Table 11 which shows 

the increase in effiiiency predicted at that common reference condition for all the coallsorbent 

combinations tested et close approach. As a result of the statistical nature of the reduction, the 

values in this table perhaps represent a somewhat broader range than miQht otherwise be 

expected. In actual practice the loss of enhancement realized by simply closing the valve to reduce 

humidification water flow, typically resulted in the immediate loss of about 10 percent in removal 

effiiiency for most of the conditions tested. About the same performance was observed during the 

oriQinal EPA demonstration. 
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Figure 39. Effect of humidification on SO, removal 
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NO, EMISSION CONTROL 

During the LIMB Extension, plant personnel operated the B&W DRB-XCL”’ burners in the 

same manner as would be typical at any commercial facility. The twelve burners installed replaced 

circular burners that produced NO. emissions of 0.79 to 0.94 IbllO’ Btu at full load during baseline 

tests conducted in 1986 for the original LIMB Demonstration.’ As was the case during that 

project, the NO, and Op analysers in the CEMS provided the concentrations of these gases that 

were used to convert the emissions to a lb/l 0” Btu basis as described in Section 5. 

Close to the 0.48 IbllO’ Btu NO, emission average observed during the original LIMB 

Demonstration, the overall everage value of 0.43 IbllO’ Btu continued to surpass the original 

performance goal of 0.5 lb/lo‘ Btu. This simple average represents the whole ranQe of boiler 

operatinQ conditions during the entire LIMB Extension. As was true in the earlier work, no evidence 

could be found that sorbent injection had any effect on NO, emissions. More detailed evaluations 

took the form both of weiQhted averaging of all this data and of attempts to correlate some 

specific, shorter term NO, emission variations with operational parameters. 

As a weighted rolling average is commonly required for compliance reponing, both 24-hour 

and 30-dav averages were calculated from the individual 1 O-minute averages stored in the Svstem 

140”. Coal firing rate was used as the weighting factor. A series of graphs present the 

proQression from the individual 1 O-minute averages used as *raw. data from the CEMS IFigure 40), 

through the 24-hour weighted rolling average (Figure 411, to the 30-dav weighted rolling average 

(Figure 42). (While the WeiQhted rolling averages are plotted for the entire LIMB Extension period, 
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computer memory limitations made it impossible to place all of the individual 1 O-minute averages in 

one graph. The April to August 1991 shown is representative of the data from earlier operation.) 

Both the 24-hour and 30-day weighted rolling averages determined during the Extension 

themselves averaged 0.44 lb/l 0’ Btu. These compare to values of 0.47 and 0.49 lb/l V Btu, 

respectively, found during the original demonstration. 

During the EPA LIMB Demonstration, there appeared to be somewhat regular variations in 

the individuel NO. emissions that suggested further reduction might be possible if the controlling 

variable could be identified. Pilot tests of an individual burner have typically shown that NO, 

emissions vary with load and excess combustion air, as reflected in flue gas 0, concentration. At 

the time of the original demonstration, the stack emission resulting from the array of DR&XCL” 

burners appeared to be insensitive to these two operating factors. There was, however, some 

variation within the scatter that suggested control might be possible if the cause could be 

determined. Such variation continued during the LIMB Extension and provided an opportunitv to 

explore potential sources with much more data. This took the form of attempts to correlate NO. 

emissions, not only with load and flue gas 0, concentration, but also with the identih, of 

pulverisers/burners in service, coal fineness, and even what can be a related dependent variable, 

carbon monoxide ICO) emissions. Unfortunately, no consistent relationship could be found 

between NO, emissions and any of these variables. 

PARTICULATE EMISSION CONTROL 

As was found early in the EPA LIMB Demonstration, sorbent injection can dramatically 

affect particulate emission control bv an ESP for three reasons. These include the increased 

particulate loading caused by the sorbent introduced, the finer size of this material, and the higher 

resistivity of the resultant ash. All three factors tend to degrade ESP performance.” AlthouQh the 

large (612 ft’/lO’ ACFM) SCA of the ESP had been expected to permit adequate performance and 

meet emissions and opacity requirements, such was not the case in the first trials in September 

1987, primarilv because the high resistivitv of the LIMB ash gave rise to a back corona condition 

which rendered the ESP virtually incapable of dust collection. Fortunately, planning for 

humidification had already begun and included e realization of the potential benefits for ESP 

performance. 
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During the balance of the EPA project and continuing into the DOE LIMB Extension, 

humidification of the flue gas proved to be a very effective method of maintaining ESP 

performance. Opacity was generally in the one to three percent range during injection of each of 

the sorbents, similar to what had been observed during the EPA project. Only two differences 

were noted, the first being that the calcitic limestone did not seem to require as much 

humidification. This is thought to be due either to its larger particle size making particulate 

collection easier, and/or to the fact that the cooler air heater outlet flue gas temperature required 

relatively little humidification water to maintain the temperature of the gas entering the ESP. The 

second difference was noted when the injection of dolomitic lime seemed to require a somewhat 

lower humidifier outlet temperature setpoint (250°F vs. 275OF) to maintain the desired opacity. 

This was thought to be due at least in part to the higher particulate loading associated with this 

sorbent for an equivalent Ca/S stoichiometry. 

Particulate emission control was continuously monitored during the LIMB Extension by the 

opacity monitor located between the ID fan downstream of the ESP and the stack. The System 

140”’ took a signal from this monitor once a minute in the same way as it did other signals from 

the CEMS. When used for actual compliance purposes by Ohio Edison, much more frequent 

readings are required. Nevertheless, the large number of individual data collected, representing the 

full range of boiler operating conditions, are considered to be at least a semiquantitative indication 

of the particulate emission control realised during LIMB operation, especially when compared to 

similarly-gathered opacity measurements taken when no sorbent injection was taking place. 

There were several reasons for relying on opacity measurements to characterise particulate 

emission control. One of these is that ESP technology is regarded as a mature technology for 

which the effects of changing the independent variables are well established. Another is that the 

costs of maintaining steady-state conditions for the one to two weeks required to develop truly 

meaningful data became prohibitive. This was particularly true when viewed against the emphasis 

on characterizing the SO, removal with much more frequent ChanQe in operating conditions. 

Continuous opacity data was considered to be a reasonable alternative as an indicator of the 

general impact of the technology on particulate emissions. 

Table 12 summarises the results obtained from averaging the opacity values over 

representative periods of the project, both with and without sorbent injection. The average opacity 
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indicated is the average of all the ten-minute averages scanned over the designated time periods, 

both when sorbent was being injected and when it was not. As can be seen, sorbent injection 

appears to have no effect on opacity. This, of course, is intimately related to an appropriate 

degree of flue gas humidification, especially when the lime sorbents were in use. 

Perhaps the most important data in the table are the maximum ten-minute everage values 

for each of the periods of sorbent use and non-use. These data, along with the average values, 

suggest that there was little difference between the two in opacity, and therefore particulate 

emissions, over both short and extended periods of time. Compliance under normal operating 

conditions requires that a six-minute average opacity value be less than 20 percent, although 

higher values can be permitted under certain transient conditions such as occur during start-up and 

pulverizers going in and out of service (trips). As can be seen in the table, the number of instances 

of high opacity is extremely low relative to the number of averages included. The single highest 

ten-minute average recorded during sorbent injection within these periods was 12.27 percent while 

ligno lime was in use. Even this value may not be totally associated with injection, since the 

opacity monitor does not distinguish among types of particulate. Of the seven occurrences when 

the ten-minute average velue exceeded 10 percent opacity, including the two over 20 percent, all 

were associated with three instances of a pulveriser coming on-line. 



SECTION 7 

OPERATING RESULTS 

The sorbent injection and humidification equipment operated throughout the LIMB Extension 

without any major problems, though the use of previously untested aorbenta andlor more extensive 

teats did have notable effects on plant operations. Injection of large quantities of the lime aorbenta 

continued to cause elevated temperatures at the air heater outlet. When the more coarse limestone 

was being injected, the increase in air heater temperatures was negligible. At equivalent 

atoichiometriea, the higher proponion of quicklime in the ash produced by the limestone aorbents 

caused more steam to be produced at the ash unloading facility than did the lime aorbenta. 

Dolomitic lime could require larger storage and transfer capacities, due to the unreactive MgO 

component that must be handled during delivery, use, and ash unloading. Each of these aspects 

are discussed more completely in the following subsections. 

FURNACE 

The greatest impact of aorbent injection into the furnace is decreased heat transfer caused 

by increased ash build-up on convective tube surfaces. The material that does accumulate is easily 

removed by sootblowing. Limitations arise, however, when the sootblowing system is unable to 

handle the increased ash loading caused by aorbent injection. The system’s inability to handle this 

increased loading can be related to inadequate coverage of effected tube areas, and/or to 

insufficient capacity of the system for the frequency of blows necessary to keep the tubes clean. 

The original sootblowing system on the Unit 4 boiler at the Edgewater Station used 

compressed air as the blowing medium. For the EPA LIMB Demonstration, analysis of the 

sootblower system led to the decision to install four new steam sootblowers near the reheat and 

primary superheat banks of the convective pass. Other areas appeared to be well covered. 

Despite these additions, air heater outlet temperatures consistently ran in the 350°F range while 

lime aorbents were being injected at the higher atoichiometriea. Because the sootblowers had to 

operate in an almost continuous cycle to maintain this temperature, it was concluded that capacity, 

rather than location, was the more important limiting factor of the compressed air system . 

In light of the apparent capacit-r limitation of the existing system, all but the four air heater 

sootblowers were converted to steam before beginning the LIMB Extension project. The air-to- 
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steam conversion was done in an effort to maintain a more normal air heater outlet temperature of 

about 3OOOF. These sootblowers had a design requirement of 5,700 Ib/hr of steam if operated in a 

continuous sequence. Actual steam consumption would vary depending upon the degree of 

sootblowing required which, in turn, varied with load, aorbent feed rate, aorbent type, and other 

considerations not readily quantified, moat of which had to do with operator preferences regarding 

what was required for the overall safe and efficient operation of the boiler . After the conversion, 

the sootblowers could be cycled five to six times a shift, where previously it had been once or 

twice per shift with the compressed air system. Unfortunately, the air heater outlet temperature 

remained well above 300°F whenever the lime aorbents were injected at Ca/S ratios greater than 

about 1.5. As a result, future LIMB applications should address even more thoroughly both the 

capacih, and effective coverage of the existing or expanded sootblower system to be used. 

As noted earlier, injection of the more coarse limestone aorbent had almost no effect on the 

air heater outlet temperature. It typically remained near 300°F, even when the higher 

atoichiometriea were employed. Attempts to uncover why this was the case have been 

unsuccessful. Since there was perhaps some evidence of increasing temperatures in the 

convective pass while the very fine limestone was being injected, some sort of particle size effect 

is suspected. No definitive conclusion is claimed, however, since only very limited amounts of this 

material were used. Although a somewhat greater quantity of the fine limestone was used, 

temperature increases were not readily apparent. 

The teats run were designed primarily to characterize SO, removal, rather than to establish 

a quantitative relationship between aorbent injection and air heater outlet temperature. To’ 

accomplish the latter, much more stringent controls would have to have been placed on achieving 

equilibrium starting temperatures throughout the unit. In addition, a much more well-defined 

sootblowing regimen, taking into account such considerations as the differences in molecular 

weights and the order and frequency with which individual units blow, would have been required to 

assure the use of equivalent, reproducible conditions. While desirable in theory, such criteria were 

beyond practical implementation in the full-scale unit. 

In spite of these diffiultiea, Table 13 is presented to provide at least some indication of the 

upper end of the range of air heater outlet gas temperatures experienced at Edgewater. The data 

are taken from teats representing each aorbent injected at elevation 161 ft at a CalS atoichiometry 

of 2.0 while burning 1.6 percent sulfur coal. Since the highest lime feed rates were used while 
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burning the 3.6 percent sulfur coal, temperature data are included for these conditions as well. 

The main steam flow for the selected teats is about 600,000 lblhr (approximately 60 to 65 MWe). 

The reason for this is that this was the one load for which data was available for all the aorbent 

combinations with the high and low aulfur coal cases under somewhat comparable conditions. 

While sootblowing was generally kept in ‘continuous’ operation during the teats with the limes, 

individual operator preferences imposed some variation on the degree of continuity employed. 

Since the system capacity had been greatly increased by the conversion to steam, the high air 

heater outlet temperatures suggest that the limitation of the sootblowing system was not so much 

the capacity, es it vvea the number and location of the sootblowers themselves. 

BOILER TUBE THICKNESS TEST RESULTS 

Ultrasonic Teatino Deacriotion 

As part of the original LIMB project, plans included provision for ultrasonic testing RJT) to 

examine the effecta of furnace aorbent injection and use of the low-NO, burners on the boiler’s 

internal water tubes. UT is a nondestructive technique baaed on the transmission of sound waves 

through a materiel and is routinely used to measure metal thickness in the industry. The increased 

particulate loading presented the possibility for accelerated erosion of the tubes’ exterior surfaces, 

while the tendency of the burners to form longer flames increased the potential for a leas oxidizing 

environment which might lead to tube corrosion on the north (rear) wall of the relatively shallow 
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furnace. The teat plan therefore sought first to determine the pre-LIME thickness of the metal 

tubes in those areas of the boiler moat likely to have the highest potential for erosion and/or 

corrosion. UT was then to be repeated at the end of the LIMB program to determine abnormal 

wear by comparison with the earlier date. 

The UT program began in August 1986 when scaffolding permitted extensive baseline 

measurements on the furnace water-wall and convective pass tubes. In June 1989, ‘sky climbers’ 

suspended from the furnace roof were used to allow measurement of tube thicknesses only on the 

furnace water-wall opposite the burners during the relatively brief outage between the EPA and 

DOE projects. The specific locations for these measurements were chosen to match those of the 

1986 locations as closely as possible. Finally, scaffolding installed again in October 1991 at the 

conclusion of the LIMB Extension permitted the collection of more extensive UT data throughout 

the boiler. 

Measurements were generally made on that portion of each tube directly facing the flue gas 

flow or, in the case of the furnace wall tubes, the furnace cavity. A predetermined portion of all 

the tubes at any given location were chosen for measurement. Table 14 aummarizea the areas of 

the boiler where measurements were made during each UT period. The table also provides the 

percentages of the total number of tubes tested each time. 

peaulta and Discussion of Tube Thii 

The results obtained from the 1986, 1989, and 1991 UT programs are presented and 

compared in terms of the average thicknesses determined for the various areas CTable 15) and 

locations (Table 161 in the boiler. A more detailed comparison, for example, on individual tubes, is 

not warranted as it was virtually impossible to repeat readings at precisely the same, small UT 

points on each of the hundreds of tubes from one teat period to the next. Nevertheless. moat 

repeat teat locations are ttiought to be within a few inches of the earlier measurement(a). This is 

particularly true for the waterwall tubes where elevation measurements could be made more easily. 

especially during the 1986 and 1991 teat programs when scaffolding was installed throughout the 

furnace. 

Moat of the comparisons are made on the data collected in the 1966 and 1991 teat 

periods. As originally planned, the measurements were intended to provide a data base in case 

117 



:,” 
$7 ,w 
II 
11 100 

:: 
II loo 
17 
17 300 
II 100 

:: 
33 

:: 
23 

:: 
33 

araim o** 
mvdon l-32* 
Dndn 1.3‘” 
Elwaim ,a811 
EmuaIm ,u.rn 
awe 14, h 
a*dC43%0* 
Dram 1K3 n 
bvdm ,I.(1 
a*a 172n 

:: 
I8 

: 

:: 
n 
I* 

Buh-w 121 
‘11 

-- 
- 

26.kdOV.3op 
I.2k-C 
..hbOWdGQl 
I3k-m 

ZOOhkdW# 
,Olk-C 
.*bl-#MO 
fmwlmwdd 

31 khmkqa 

IthCm** 
I6hhm”~ 
new-r 

60 
60 
10 

0 

00 

: 

l.kkml”l 
*t.7lkbl.V& 
l.S.Sk*mWNI”*) 
Iman k *m - “l 
3UkhmU.IW. 
uII1- 

118 



extensive erosion/corrosion occurred. This was not the case, however, as moat of the 1991 

averages appear to be only slightly leas than the 1986 averages. This is what might be expected 

as a result of five years of additional operation. 

The precision of measurementa within a teat period is lower for the convective pass UT 

locations. This is true for both the baseline and concluding teat periods for several reasons. The 

pendant secondary superheat and reheat banks, in particular, are exposed to the highest 

temperatures and pressures in this area of the boiler. Because of this, tubes in these areas are 

moat prone to failure, repair, and replacement. This made measurements more susceptible to 

variations, since teat engineers were occasionally forced to modify teat locations up or down a few 

inches across the planned elevations. In addition, the limited accessibility and complexity of these 

tube banka generally make it more difficult to take readings in these areas. 

The limitations of UT for assessing long term wear are evident when comparisons are made 

with the 1989 data, which appear to show an impossible increase in tube thickness. The use of 

similar, though not identical, teat equipment by different personnel at slightly different points, are 

thought to be responsible, at least in pan, for the variation in the data among the three teat 

periods, even though instrument calibrations were thought to reduce this to being a negligible 
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factor. Unfortunately, there was no way of determining which set of data was more likely to 

contain the error if there was one. The fact that the values in all three periods generally fall within 

each other’s 95 percent confidence intervals (defined by twice the standard deviation) suggests 

that tube wear was nowhere nearly as bad as had been thought possible in the early stages of the 

project. This is supported by the finding that the measurements in all but the pendant secondary 

superheater and reheater were very close to, and sometimes exceeded, the original design tube 

thicknesses even after all these years of service. Guantifying finer distinctions, such as the extent 

to which tube loss was due to ‘normal’ wear, increased particulate loading, or increased 

sootblowing, of course, turned out to be impossible. 

In summary, the UT conducted on the boiler water tubes in 1986, 1969, and 1991 

demonstrated that no significant tube erosion or corrosion took place during the period in which 

lime and limestone aorbenta were injected into the furnace. The data also indicate that the general 

condition of the tubes remains excellent, and that no abnormal tube replacement or repair has been 

necessary as the result of using LIMB technology. Moreover, the favorable results of the 1991 

teats of the north furnace water-wall, in particular, supported Ohio Edison’s decision to continue 

use of the DR&XCL’” burners at the Edgewater Station after the demonstration concluded. 

ASH HANDLING 

As long es an appropriete level of humidification was used, the conservatively designed 

WA of 612 f&l O* ACFMI ESP at the Edgewater facility wes capable of collecting the increased 

particulate loading that resulted from aorbent injection. For the nominal 10 percent ash coals 

burned, there was up to a two- to threefold increase in ash loading depending on the atoichiometric 

ratio and the specific aorbent being used. When upsets or problems occurred in the precipitator 

ash removal system, however, it was common to reduce or sometimes interrupt aorbent injection. 

Since the types of leaka and plugs were no different than those found in conventional ash systems. 

they were not a reflection of the operability of LIMB technology. It was just that instances of 

plugged hoppers or vacuum leaks, with the additional quantity of ash, began to strain the overall 

capacity of the existing system, leaving little, if any, margin for error. 

121 



ASH UNLOADING 

Fly ash collected in the Unit 4 ESP at Edgewater is pneumatically conveyed to the storage 

silo as described in Section 4. Water is added to the ash in a pug mill situated beneath the silo and 

over a truck bay in order to provide dust control in the ash unloading and disposal process. For the 

LIMB system, this operation was expected to result in steam evolution as a result of the highly 

exothermic reaction of water with the quicklime component of the ash. Since no large scale 

byproduct use could be arranged at the time, dry ash disposal was rejected from a safety 

standpoint, and there was no water source readily available for alternative treatment at the disposal 

site, the plan for the original, one-year LIMB Demonstration called for use of the existing system. 

This consisted of increasing the water pumping capacity, addition of a large, reversible fan that 

was expected to draw or blow the condensing billows of steam out of the truck bay, and other 

relatively minor upgrades equipment. The wetted LIMB ash discharged from the pug mill drops into 

a truck waiting below. 

During the LIMB Extension, the amount of steam generated depended primarily on the 

aorbent being used and the atoichiometry at which it was injected. While it was effectively 

impossible to determine the amount of water lost as steam accurately, qualitative observations 

were made. Ash from the limestone aorbents seemed to steam worse than that from the lime 

aorbents. This was attributed to the lower utilization of the limestone, resulting in a higher 

concentration of reactive CaO in the ash. Ash from the dolomitic lime, on the other hand, 

appeared to steam leas than the other limes, presumably because the MgO component does not 

hydrate appreciably et atmospheric conditions. It also appeared that ash generated during close 

approach operation produced leas steam as the result of the rehydration reaction taking pIace in the 

humidifier. 

In ectual practice, the steam evolved made it difficult to fill the trucks properly because it 

obstructed the operator’s line of sight. As a consequence, early operations were characterized by 

under- and overfilled trucks. The latter caused the additional problem of ash spills which raised the 

pH of the water sent to the drain when the area was washed down. A neutraliiation system 

installed and upgraded during the original LIMB Demonstration adequately adjusted the pH of the 

water sent to the ash pond. 

After failure of attempts to make the fan originally installed work, one moderately effective 
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method of dealing with the difficulty consisted of lowering a hanging thermocouple to the desired 

fill level of the truck. The unloader would be stopped when the thermocouple readout showed that 

the hot ash had reached the desired level in the truck bed. While this worked for dump trucks with 

smaller beds, this procedure could not be used on larger trucks with tarpaulin supports spaced 

along the bed. These supports would have caught the thermocouple and its suppo~ wire 

whenever the truck was repositioned under the pug mill discharge chute during the filling process. 

A multiple component exhaust system employing two large fans and three blowers was 

eventually used during the latter portions of the LIMB Extension to keep the operator’s sight path 

clear. These were definitely more effective than the single fan system, though large amounts of 

steam combined with certain wind conditions in the vicinity of the bay occasionally required that a 

second operator assist in unloading. 

Finally, it is noted that the steaming never stopped sorbent injection. Much of the difficulty 

stemmed from the site-specific conditions at Edgewater, particularly since it was decided early on 

that the relatively short term demonstration did not justify the expense that would have incurred by 

installing a known technology. A more permanent system would likely consist of dry unloading and 

transport to the disposal site, where installation of a water line and a radial stacking system would 

easily have avoided the difficulties caused by steaming altogether. 

SORBENT STORAGE AND FEED SYSTEM 

This system worked very well following modifications made mostly during the original LIMB 

Demonstration. Discussed in detail in Section 4, these included increasing the size of the baghouse 

on top of the feed silo and changing the filter medium of the bags, resheaving the solids pump 

below the storage silo, and installation of a solids pump to replace a rotary valve downstream of 

the differential weight loss feeders. There was also a redesign of the injection system that 

included removal of all dense phase air lines and related equipment, increasing line sixes both from 

the pick-up point to the distribution bottle, and from the distribution bottle to the injection nozzles. 

The result was a system that, except for some routine mechanical problems, provided the 

capabilities expected of it. 

On those occasions when lines between the distribution bonle and the injection nozzles 

plugged, more frequently than not it seemed to occur upon restart of the system after a shutdown 
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of a few hours or more. Many times the pluggage was ascribed to incomplete purging of the lines 

as part of the shutdown process. Whatever the cause, service air connections installed in each line 

between the distribution bonle and the injectors provided a simple solution. This connection was 

used to anach a service air line to blow out the accumulated material quickly and effectively. 

There were a couple of instances of sorbent line failures. The most significant of these 

involved one of the 4 in ID rubber hoses between the feeder discharge and the distribution bottle. 

When it was decided to change to the larger diameter lines, the original carbon steel pipe was 

changed to hose because it could be quickly and inexpensively installed. The failure was believed 

to have been due to a combination of wear and pressure. The hose was spliced back together and 

the system restarted, though the spliced connection itself failed less than a day later. Replacement 

of the hose solved the problem for the balance of the demonstration. Commercial installations 

would normally use carbon steel pipe, and use hose only as a temporary measure as was done at 

Edgewater. There were no failures of any carbon steel pipe during the demonstration. 

The only other significant equipment failure occurred once when the baghouse on top of 

the feed silo plugged during the transfer of sorbent from the storage silo. Caused by a failure of 

the silo weigh cell, the silo overfilled and the baghouse had to be cleaned out manually. After the 

weigh cell was recalibrated and another interlock added, there were no further overfills of the silo. 

HUMIDIFIER 

In spite of the potential for major problems associated with the formation of large deposits 

as had been observed in similar technologies, the humidifier presented few difficulties in the course 

of the LIMB Extension. The humidifier was cleaned out three times during the 16 months of total 

elapsed time. In all but one of these cases, the build-up was fluffy ash that was easily removed by 

an industrial vacuum truck: For the one remaining occasion, a large deposit formed in the chamber 

after a period of extended operation with poor water atomization. As one might expect, the build- 

up grew exponentially on itself once unevaporated water droplets began impacting at the wet/dry 

interface. This build-up was hard enough that it first had to be broken up before it could be 

vacuumed out. 

The formation of this one large deposit points to the need to monitor humidification 

performance carefully. Data indicated that before the build-up was found, some of the diagnostic 
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thermocouples in the chamber had been running “cool” and very close to the saturation 

temperature. The poor atomization was traced to a combination of a small amount of a scale that 

had slowly and imperceptibly formed over preceding months in the atomization air and water 

supply lines. Moreover, the .scale. only became a more significant problem after a more lengthy 

shutdown for an outage, during which it dried out. The suspected cause is the formation of a 

‘hard water* type scale which may have been aggravated by the use of caustic during the Coolside 

tests several months earlier. Upon restan of the system, the now dry end cracked material slowly 

began to spall off, plugging the small passageways in the atomization nozzles. In the ensuing week 

or two of operation, the atomization quality slowly deteriorated, forming the deposit from the outlet 

end of the humidifier with gradual growth toward the inlet. This was unlike the few earfy 

diffiiulties where, for example, an improperly assembled nozzle would leak and immediately form 

an easily observed deposit which could then go on to cause coalescence of droplets and further 

deposit formation in the vicinity of the spray zone. Thorough flushing of both the air and water 

piping cleared the pluggages. In the ten remaining months of operation, this kind of build-up never 

occurred again. 

The two fluid atomhing noxales themselves were maintained to assure continued 

acceptable performance. When the boiler was down and time permined, the faces of the nozzles 

were cleaned with wire brushes to remove any wet/dry build-up that had started to grow on them. 

Their atomization performance was also checked on the same boiler outage basis. 

Occasionally, an individual noule would have to be removed from a lance and cleaned. This 

process was not complicated, involving removal and a check for the plugged orifice(s). When 

pluggage was found, it usually was in the form of very small pieces of scale or rust that had fallen 

off from inside the air line and blocked or partially blocked an opening. Although almost all of the 

air lines were stainless steel, there was one carbon steel piece in the lance assembly downstream 

of any.filters because there was no alternate available at the time. This would not be the case in a 

permanent, commercial installation. 
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SECTION 8 

MAINTENANCE AND RELlABlLlPl 

The LIMB process is easy to operate and maintain. No major maintenance or reliability 

problems were encountered during the LIMB Extension. In the following discussion on maintenance 

and reliability, the reasons for forced outages are separated according to whether they were 

mechanical or process-related. Similarly, availability of the LIMB and humidification systems are 

categorized separately. 

The LIMB system at Edgewater operated over the 16-month period with relatively few 

occurrences of process-related downtime. Such downtime was considered acceptable, as ft caused 

the LIMB system to be unavailable less than two percent of the time. LIMB Extension tests 

commenced on April 27, 1990 and ended on August 30, 1991. Over that time, a total of 11,784 

possible hours, the boiler operated 7,709 hours or 65 percent of the time. Sorbent was injected 

into the boiler 46 percent of the time the boiler was on-line (3,521 total hours). The LIMB injection 

equipment was available over 95 percent of the time, and the humidifier and related equipment 

were availabkt over 96 percent of the time. The percent time available relates to the total time the 

boiler was on-line. If the boiler was off-line and work was being done on the LIMB system, LIMB 

was not considered unavailable. Basically, LIMB and humidification were considered unavailable 

whenever the boiler was operating and they could not. 

The LIMB system, which includes the sorbent storage and feed subsystems, was 

unavailable for a total of 344 hours. If the humidifier was out of service, and humidification was 

necessary to inject sorbent, this counted toward both LIMB and humidifier unavailability. For the 

purpose of this discussion, the LIMB system being unavailable relates to the inability to inject 

sorbent into the furnace. When low sulfur coal was being burned, there was no need to inject 

sorbent to maintain emission limits. On these days, the equipment was operated for the sole 

purpose of obtaining test data. The off-time during these periods is not counted as unavailable 

time since the equipment was, in fact, available, but not being run to conserve sorbent for test 

purposes. 

PROCESS-RELATED UNAVAllABlLlTY 

The downtime most critical to the success of the demonstration was the process-related 
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downtime which refers to time when the system was unavailable due to failures such as plugging 

of sorbent lines or humidifier clean-up. The two percent of the boiler operating time noted earlier 

equated to 149 hours of process-related downtime over the course of the project. These 149 

hours are further broken down as follows: 

l 99.5 hr of downtime associated with the humidifier. Clean-up crews worked no more 

than 12 hr per day, but if they had to come back the next day, all 24 hr were counted. 

The humidifier needed to be cleaned three times in the 16 month period, the worst of 

which was described in more detail in the preceding section. 

l 33 hr of forced outages due to plugged sorbent lines. Most of the six occurrences had to 

do with lines between the distribution bonle and the nozzles. Service air connections to 

blow pluggage out were installed about half way through the project. After that time, 

there was only one pluggage in these lines which required about 1.5 hr downtime. 

l 16.5 hr of unavailability to balance humidification lance flows. After the humidifier was 

cleaned out the second time, one day was spent balancing lance flows to produce an 

even temperature profile throughout the humidifier. The whole 16.5 hr is anributable to 

this one occurrence. 

MECHANICALLY-RELATED UNAVAILABILITY 

Mechanical problems are inherent with any equipment or process. Although counted 

toward unavailabifii, the downtime associated with mechanical problems was not LIMB-specific. 

It includes outright equipment failures unless they could be directly attributed to the process. A 

more detailed listing of these mechanical failures is as follows: 

l 136.5 hr of unavailability caused by the compressor that supplied the atomixing air for 

the humidifier. 

l 99.5 hr of downtime due to the sorbent feed pump. This solids pump was purchased 

secondhand, which may have contributed to this downtime as there was no downtime 

anributable to a larger size of the same pump used to transfer sorbent from the storage 

to the feed silo. 
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l 48 hr caused by problems with the weigh cell on the feed silo. As noted in the preceding 

section. malfunction of this device caused the silo to overfill with sorbent, plugging the 

baghouse. A redundant high level transminer was added to shut down the transfer 

equipment on alarm. 

l 16 hr of unavailability due to hose failures. This would not be a problem in a commercial 

installation with carbon steel piping. 

l The balance of the downtime was attributable to minor electrical and mechanical 

problems with the various pieces of both LIMB and humidification equipment. 

MAINTENANCE AND RELIABILITY SUMMARY 

The numbers presented in this subsection would tend to be higher than expected for a 

commercial unit operating to maintain air quality. When a piece of equipment failed, no more than 

eight hours per day were spent on the problem, and there was linle if LIMB equipment maintenance 

done on weekends. If a piece of equipment could not be fixed in an eight hour day, 24 hours of 

unavailability were still attributed to the problem. This was true as the objective of the 

demonstration focused on obtaining operating data, while minimizing the amount of money spent 

on equipment repairs. 

Appendix E contains a complete log of the hours of unavailability and what caused them. 

As previously stated, if the humidier was down for any reason and this halted sorbent injection, 

both the LIMB and humidifier systems were labelled unavailable as well. Also contained in this 

appendix is a log of the time the boiler and LIMB system were on-line. 
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SECTION 9 

ECONOMICS 

INTRODUCTION 

This section addresses the economic comparison of SO, removal with the LIMB, Coolside, 

and LSFO FGD technok?gies. The evaluation is based on the capital and annual levelized costs for 

each of the three. Technical and economic premises were developed utilixing the DOE Program 

Opportunity Notice (PON) DE-PSOl-88FE61530, EPRl’s TAG’” Technice/ Assessmenr Guide,” the 

design and operating experience from the LIMB project, CONSOL’s topical report on the Coolside 

process,* and a review of state-of-the-at-t technology being utilized in the design of wet limestone 

FGD systems. 

The base LIMB system evaluated is an optimized commercial system utilizing hydrated 

calcitic lime as the sorbent to achieve 60 percent SO, removal efficiency. No credit is taken for 

NO. emission control with LIMB, and no costs are included for burners and associated hardware. 

Equivalent NO. emissions are assumed in the economic evaluations, and only the costs associated 

with SO, removal are used in the analysis. The Coolside system evaluated is an optimired 

commercial system utilizing commercial hydrated calcitic lime to achieve an SO, removal effriency 

of 70 percent. The LSFO system evaluated is a typical commercial system utilising commercial 

limestone to achieve 95 percent SO, removal. 

The goal of this analysis is to provide a comparison of the three FGD processes over the 

range of the economic and technical premises chosen. The analysis reviews the economics of the 

three processes for power plants with generating capacities from 100 to 500 MWe, while they 

burn coals with sulfur contents ranging from 1.5 to 3.5 weight percent. The results of this 

analysis is intended to assist utilii and industrial boiler owners in deciding how to comply with 

current emission control legislation. 

In the following discussion it is important to keep in mind that the LIMB and Coolside 

processes were conceived as low capital cost technologies for moderate levels of SO, removal. As 

such, they are generally targeted for use on relatively small, older plants for which wet scrubbers 

would be especially hard to justify. This is in contrast to LSFO FGD which normally is designed for 
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high levels of SO, reduction. Guaranteed removals of 95 percent or more have been common for 

the state-of-the-art LSFO technology since passage of the CAAA in 1990. Its higher capital cost 

with notably greater reagent utilixation make it the choice usually preferred for newer, larger plants 

burning higher sulfur coals. At least as importantly, site-specific considerations influence the 

economics of all three processes, as is commonly recognized in the industry. 

For the reasons above, direct comparisons of LIMB and Coolside with LSFO FGD must be 

interpreted with care. Several alternatives were evaluated in order to try to overcome the inherent 

differences. One included operation of the LSFO system at lower levels of performance, essentially 

equal to that of the other two technologies. Another examined partial flue gas bypass for the 

overall removal desired, while still operating the LSFO process at 95 percent removal efficiency. 

Arguments against making such assumptions were thought to be at least as valid as presenting 

each technology in its own realm of applicability. The end result was a decision to present each of 

the technologies in its own best light. When viewed in the light of the caveats in the preceding 

paragraph, the limitations of comparison with the LSFO process are readily apparent. 

Since the differences between LIMB and Coolside are less pronounced, greater significance 

may be placed on their comparative economics. Nevetieless, site-specific considerations become 

especially important. Whereas Coolside demands humidification to a close approach to the flue gas 

saturation temperature, LIMB can require linle to none depending on the nature and quantity of 

sorbent injected. Enhanced SO, removal is, of course, possible under close approach conditions. 

The site-specific concern arises out of the greater amount of space required to permit essentially 

complete evaporation to achieve close approach operation. The other fundamental difference 

between these two technologies, sorbent injection in the furnace for LIMB, and in a downstream 

location for Coolside, becomes a matter of preference for the individual operating utility. 

ECONOMIC EVALUATION RESULTS 

For base load boiler operation (65% plant capacity factor) the Coolside and LIMB processes, 

with design SOI removal requirements of 70 and 60 percent, respectively, were found to be 

competitive with a LSFO FGD process on a S/ton of SO, removed basis. Examined under sets of 

operating conditions described later in this section, the LIMB and Coolside technologies appeared to 

be generally applicable for three coals of varying sulfur content (1.5, 2.5, and 3.5 weight percent), 

fired in the following unit sixes: 
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fur. wt % Gca?!sa L!?a 

1.5 s 500 MWe L 500 MWe 

2.5 s 220 MWe s 450 MWe 

3.5 s 100 MWe s 240 MWe 

In comparison with LSFO, Coolside and LIMB economics also become increasingly favorable 

with both decreasing plant capacity factor and book life. As might be expected, variations in 

reagent cost have a much greater effect on LIMB and Coolside than on LSFO because of the lower 

utilixation realized as stoichiometry increases. Conversely, the availability of a low cost reagent 

supply can signiflcandy improve LIMB and Coolside economics. 

BASIS OF EVALUATION 

Similar technical and economic assumptions were used to provide as common a basis for 

the three fundamental process designs in order to make comparisons as valid as possible. Four 

reference plant capacities of 100, 150, 250, and 500 MWe were selected. Eastern bituminous 

coals were chosen which essentially differed only in that they had different sulfur contents of 1.5, 

2.5, and 3.5 weight percent. An economic evaluation, effectively consisting of a budgetary 

estimate targeted to be accurate to within 10 to 20 percent, was then made for each FDD process 

for each reference plant/coal sulfur combination. This type of accuracy is expected to result from 

the detailed design-estimate efforts used as outlined in TAG’. These resulted in twelve separate 

evaluations for each FGD process, or a total of thirty-six separate evaluations. 

The basic LIMB system design is assumed to use commercial calcitic hydrated lime as the 

sorbent. Use of other sorbents in the process can have a substantial effect on annual levelired 

costs, as is discussed later in this section. While capital costs that result from the differences in 

molecular weight and/or bulk densities would be affected somewhat, the differences are expected 

to be within the accuracy of the estimates. The major impact on annual levelized costs due to 

changing sorbent is the result of lower utilization in the case of limestone, and the unreactive MgO 

component in the case of ddomitic lime. There would also be an effect on ash disposal costs, but 

this would be expected to have an even lower impact on the levelized costs. The costs for LIMB 

operation at close approach to saturation are considered to be close to those for similar application 

of the Coolside technology. 
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The Process Engineering Group of B&W’s Environmental Equipment Division (EED) 

generated the material balances for the 12 LIMB and 12 LSFO cases, while CONSOL’s Research 

and Development Group developed those for the 12 Coolside cases. These material balances were 

used to size the equipment necessary for each design case. The equipment included silos, tanks, 

vessels, pumps, fans, compressors, buildings, and the related process equipment and structures 

required for each FGD system. Structural steel, electrical, instrumentation, and control 

requirements were developed in B&W’s mechanical and electrical engineering departments. 

Costs were then estimated for each design case. Budgetary vendor quotes were obtained 

for the process equipment. ,EED’s Mechanical Engineering and Estimating Groups determined the 

costs for silos, tanks, absorbers, structures, and accessory equipment. B&W’s Electrical 

Engineering Group determined costs for the electrical equipment, wiring, instrumentation, and 

controls. CONSOL’s Research and Development Group assembled cost information from 

appropriate suppliers for those portions of the Coolside process humidifier and sodium addition 

systems not covered by B&W. Construction cost factors were developed from B&W’s 

Construction Company’s experience in the installation of FGD and power plant equipment. 

REFERENCE POWER PLANT DESIGN 

The economics presented are based on reference plants with nominal capacities of 100, 

150. 250. and 500 MWe fnetI. The plants are base loaded 165 percent capacity factor) and 

located in the state of Ohio near the Ohio River. Other pertinent design and performance 

assumptions are listed in Table 17. The site plan is assumed to be similar to those in the DOE PON 

noted earlier in this section. For the purposes of the LIMB, Coolside, and LSFO process layouts, all 

boiler sixes are assumed to be equipped with two parallel air heaters, each of which handles half of 

the flue gas flow. The flue gas exits each sir heater and flows through parallel ducts to separate 

ESPs. Table 18 presents the fuel specifications for each of the eastern bituminous coals containing 

1.5, 2.5, and 3.5 weight percent suffur, as received. 

The potential application of the LIMB and Coolside technologiis to other coals such aa 

lignites and western subbituminous fuels is not considered to have a significant enough impact on 

costs to warrant separate evaluation. The primary effect would be one associated with the 

generally lower sulfur content of such coals, and as such, is represented in the 1.5 weight percent 

sulfur case here. While the ash of these coals is frequently high in alkaline components that 
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provide some degree of inherent SO2 capture, the effect is again one which can be thought of as 

relating to an ‘effective sulfur content’ for the purposes of process design. In similar fashion, the 

generally higher moisture and ash content of such coals would be taken into account in the design 

stage. Such differences would tend to lead to slightly lower costs, but ones that do not appear to 

warrant separate treatment in this analysis. 

Flue gas compositions and rates depend on boiler design, fuel composition, and operating 

conditions. The assumed flue gas compositions and rates used in this report are based on 

combustion of pulverized coal with 40% excess air, reflecting the higher degree of air infiltration 

that might be expected in an older unit. This includes excess air to the boiler and air in-leakage 

from the duct and air heaters. The flue gas compositions and rates are also presented in Table 18. 

This information is included since the flue gas flow rate, moisture content, and temperature define 

the humidification water flow requirements for the LIMB and Coolside processes, as well as the 

evaporation water requirements for the LSFO process. The flue gas flow rate, SO, concentration, 

and required Ca/S mole ratio define the hydrated lime rate for the LIMB and Coolside processes, 

and the scrubber tower diameter, recycle pump capacity, and limestone feed rate for the LSFO 

system. 
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FGD SYSTEM DESIGN 

Commercial designs were developed for each of the three FGD processes utilizing the most 

current technology considered applicable. Detailed system descriptions, technical premises, 

equipment scope of supply lists, and process flow schematics are presented in the following 

sections for each of the three FGD processes. A comparison of the major process and equipment 

design parameters is shown in Table 19. The designs were kept as similar as possible in order to 

provide as fair a comparison as possible among the three processes. For example, the drainage 

clumps for all cases compared are the same size and have the same sump pumps and mixers. This 

was done even though it is realised that scale-up of certain operations and equipment from the 100 

to the 500 MWe size would necessitate design changes for economic and/or practical reasons. 

Thus, for the purposes of the evaluation, assuming truck delivery of lime for all four plant sizes was 

considered preferable to trying to account for cost differences for rail or barge delivery for the 

larger sire plants. Individual LIMB, Coolside, and LSFO system design criteria are summarised in 

Tables 20, 21, and 22, respectively. 
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Commercial LIMB Svstgm&&~ 

The scope for the LIMB system begins with truck delivery of dry hydrated calcitic lime to 

the site end ends with remove1 of a water-conditioned LIMB ash in trucks. The design consists of 

four process areas: me lime unloading, storage, and feed system; the furnace injection system: the 

humidification system; and the ash collection, storage, and removal system. A listing of the scope 

of equipment end a LIMB system schematic are presented after the detailed descriptions in 

Table 23 and Figure 43. respectivelv. 
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Lime Unloading, Storage, and Feed System- 

Lime is delivered to the site by pneumatic trucks, two of which can unload lime into the 

storage silo at the same time. The silo can hold a seven-day supply of lime when the unit is 

operating at its maximum continuous rating (MCR). A baghousa is located on top of the silo to 

prevent lime from escaping to the atmosphere during unloading. A mechanical level detection 

device is provided to prevent overfilling the silo. 

Lime discharge at the conical bottom of the silo is aided by internal air slides on the sloping 

sides. A fluidizing air system consisting of a fluidizing air blower, air dryer, and the interconnecting 

piping, valves, and instruments is provided to supply air to the air slides. A 100 percent spare 

fluidizing air blower is included. The air dryer can be by-passed when maintenance is being 

performed. 

There are two discharge points on the bottom of the silo, each of which can be isolated 

with a manual slide gate. From each discharge point, lime can be fed to a variable speed rotary 

feeder, whose speed can be controlled to supply the required amount of lime to the system. The 

rotary feeder prevents flooding and feeds at a controlled rate into e solids pump. Sorbent is 

compacted as it fs pushed through the pump barrel by the screw, sealing against the transport line 

back-pressure. The lime is then fed into the pump mixing chamber where it is fluidied with 

transport air and conveyed to the distribution bottle through the transpoR line. Transport air is 

provided by one of two 100 percent air blowers. The lime is split et the distribution bottle into 

several smaller streams l rtd continues on to the furnace injection system. 

Furnace Injection System- 

Based on furnace gas temperature ranges, lime is injected into the upper furnace, generally 

at a level close to the screen tubes and entrance to the superheater. Here the hydrated lime reacts 

with the SO, in the flue gas to form CaSO,. An array of equally spaced injection nozzles, similar to 

the Edgewater design, penetrate the front wall carrying air-transported hydrated lime from the lime 

distribution bonle. Additional ‘booster’ air is injected through snnular openings surrounding the 

lime nozzles to aid penetration and mixing with furnace gases. Booster air is supplied by a 

centrifugal fan located as close to the injection points as possible, to reduce the distribution 

ductwork. The booster air fen and ductwork is insulated for noise protection. A video camera and 

monitor system is provided for continuous observation of the lime flow into the furnace by the 

boiler control room operators. 
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plane of the humidification nozzles. In the humidifier, the hydrated lime reacts in the presence of 

high humidity with the SO, in the flue gas to form calcium sulfite and some calcium sulfate. 

Sodium Addition System-- 

The Coolside process uses sodium compounds to increase SO, removal and lima utilisation. 

In the design shown, the sodium is stored as an aqueous solution. Dry soda ash is pneumatically 

unloaded from trucks into a SO-day, wet soda ash storage and supply system. The soda ash feed 

system is a packaged unit which maintains a saturated solution of sodium carbonate. The 

saturated soda ash solution is metered, dependent upon the hydrated lime feed rate and the NalCa 

molar ratio setpoint, to an in-line mixer in the humidification water supply line. The soda ash 

supply system comes with a small dust scrubber to control dust emissions during unloading 

operations. 

Flue Gas Humidifier- 

Boiler flue gas from the air heaterls) is conveyed to a single humidification chamber. In the 

humidifier, water containing the sodium additive is fed to an array of atomizing nozzles. High 

pressure air is used in dual-fluid atomizing nozzles to produce very fine water droplets which 

evaporate virtually completely and quickly cool the flue gas. The rate of water addition is 

controlled to maintain a design humidifier outlet temperature 20°F above the adiabatic saturation 

temperature of the flue gas. 

The atomizers selected for the Coolside process design are B&W Mark XII nonles or the 

equivalent. Each nozzle is designed to operate at 0.8 to 1 .O gpm throughput with an atomizing air- 

to- humidification water ratio of 0.45 lb/lb. 

Two key humidifier design parameters are the humidifier residence time and the inlet flue 

gas temperature. Sased on the Edgewater demonstration, the flue gas humidifier residence time 

was chosen to be three seconds. To minimise the humidifier length, the humidifier cross-sectional 

area is set to maintain a 20 fVsec flue gas velocity in the humidifier. To minimixe the potential for 

solids buildup within the humidifier, the design is vertical downflow as shown in Figure 44. A 

hopper is provided at base of the humidifier to collect and remove any wall scale, atomiser deposit 

debris, and aah which may drop out of the flue gas. The design incorporates turning vanes in all 

ductwork bends to minimize pressure drop and to insure a uniform gas flow profile at the humidifier 

inlet. 
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Figure 44. Vertical humidifier conceptual design for a commercial Coolside system 
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An enclosed, heated, ventilated, and insulated platform is required on each side of the 

humidifier to monitor the operation and maintain the spray lances. These enclosures would contain 

atomization air and water headers, distribution piping, and associated valves, filters, and 

instruments. It would not be necessary to enclose these platforms in warmer climates. 

Compressed air and water for humidification would require new equipment, which would be 

located as close to the humidifier as possible. Because a relatively large area is required, it will be 

assumed thet space is not available for the purposes of this comparison. The equipment will 

therefore be located in an equipment building under the lime storage silo described below. Air 

compressors (spared), water pumps Ispared), duplex water strainers, an air receiver, and a water 

tank would be supplied along with associated piping, valves, instruments, and controls. 

Other equipment includes five guillotine dampers supplied to isolate the humidifier from the 

existing flue gas duct. A rotary lump grinder is also supplied at the discharge of the humidifier 

hopper to grind any latge material before sending it to the ash removal system. 

Costs to perform flow model testing for optimization of the final humidification system 

design are likewise included. This would be necessary to assure proper design of the humidifier for 

operation at close approach to saturation. 

Ash Colfectfon, Storage, Recycle, and Removal System- 

Coolside ash fell out/collection will occur in the humidifier hopper end the ESP hoppers, 

although only a minimal amount is expected to accumulate in the former. Most is collected by the 

ESP and falls into the ESP hoppers. It is assumed that the existing ESP has sufficient SCA, T/R set 

capability, and rapping capability to handle the increased Coolside ash loading. The existing ESP 

equipment must be evalwted under the increased loading conditions to determine if stack 

particulate emission limits can b maintained. No modiicstions were necessary to the Edgeweter 

ESP whiih had a design SCA of 612 f&l 0’ ACFM to achieve a particulate removal efficiency of 

89.38 percent. [Post-Coolside inspection of the Edgewater precipitator revealed doughnut-shaped 

ash build-up on many wires of the first field of the ESP, however, this was attributed to several 

upset conditions which occurred during the early stages of testing.1 

For the conditions studied, the application of Coofside csn increase the total ash collected 

in the ESP by a ratio up to about 31 when operating at 2.0 Ca/S ratio (recycle was assumed to be 
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employed to a lesser extent as the coal sulfur content increased). For this evaluation, it has been 

assumed that, similar to the Edgewater installation, the existing ash removal system can collect 

and transport the additional ash by more frequently emptying of the ESP hoppers. The ash storage 

silo capacity is assumed to be adequate and capable of storing about four days’ production of 

Coolside ash, as was the case at Edgewater. Costs are provided for upgrading the system to 

hendle the increased solids flow. It is noted, however, that some plants would not have this 

me@ avaiiable and would find it necessary to consider increasing the capacity of all or selected 

parts of their ash handling system. 

Bph CollQ&n and S--The existing ash collection system is assumed to be the dry 

vacuum type, which utilizes either a hydraulic exhauster or mechanical exhausters to effect the 

flow of conveying air. For the purposes of this comparison, it will be assumed that the reference 

plants utiliie mechanical exhauaters. An existing primary cyclone type collector and a sacondarv 

pulse jet bag filter, both mounted on the top of the ash silo, collect the conveyed ash and empty it 

into the silo through double-dump discharge gates. This existing system will be upgraded in order 

to hendle the increesed solids flow as follows: 

l The humidifier hopper will be tied into the existing plant fly ash vacuum system. 

l The vacuum source will be replaced with one of greeter capacity. 

l The pulse jet bag filter will ba replaced with e graater capacity bag filter(s) which has 

been fitted with Gore-Tex’ bags. 

m--It is assumed that the reference plants presently utilize an esh 

conditioning/unloading system consisting of ash silo fluidizers, an ash discharge slide pate, a rotary 

feed valve, and a paddle-type ash conditioner which wets the ash’for diicharge into trucks for 

transpon to a landfill. In order to handle the increased Coolside ash loading this system would be 

upgraded as follows: 

l A new variable speed rotary feed valve of double the original capacity will be installed. 

. A new plasric-lined, paddle-m ash conditioner will be installed to handle the increased 

capacity. 



. A new plastic-lined discharge chute will be installed and fitted with wash-out capability. 

l The water feed to the unloader will be made adjustable. 

The operation of the ash discharge slide gate, rotary feeder, ash conditioner, and water supply will 

be automatically sequenced, with ash and water rates manually adjustable from a panel. 

--To increase the sorbent utilization. a portion of the collected solids 

is recycled. Coolside ash is discharged from the ash silo to a variable speed rotary feeder 

controlled to supply the required amount of recycle ash to the system. The rotary feeder prevents 

flooding and feeds at the desired rate into a solids pump. Recycle ash is compacted as it is pushed 

through the pump barrel by the screw sealing against the transport line back-pressure. The 

Coolside ash is then fed into the pump mixing chamber where it is fluidized with transport air and 

conveyed to the distribution bottle through the transport line. Transpon air is provided by one 100 

percent air blower. The Cwlside ash is split at the distribution bottle into several smaller streams, 

and then directed to an array of injector pipes located in the plane of the humidification nozzles. 

The ash recycle equipment is not spared because loss of this system would only affect lime 

utilization, and not the capabilii of the Cwlside system to meet emission requirements. 

Cwlside Equipment Enclosure- 

Those items and groups of equipment that do not fit in the existing boiler building and 

associated structures will be brought together and housed in a single separate structure called the 

‘Coolside equipment enclosum’. Located below the lime storage silo, lt will support and/or 

enclose: 

l The lime storage silo truck unloading, bin discharge, and feed equipment 

l Atomization water tank, feed pumps, and two sets of strainers 

l The atomisation air compressors, eir receiver, and instrument air conditioning equipment 

. A room for electrical switchgear and motor control centers 

l Noise abatement enclosures for the centrifugal air compressors. 
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Pipe Rack- 

The design includes a 150 ft long pipe rack for supporting pipe runs between the Coolside 

equipment enclosure and the boiler structure. The support elevation will be 20 ft above grade to 

clear roedways. The rack will carry interconnecting piping, and electrical wiring in cable trays. 

Instrumentation and Controls- 

The Coolside system will be controlled from the boiler control rwm by the Coolside 

operator. Subsystem and individual equipment start/stop operations would be from the boiler 

control room. local start/stop capabili will also be provided for the rotating equipment. The 

design includes computerized process control and arr operator interface console. Required 

instrumentation for local or remote status indication is included with recording and alarms for 

critical conditions. Annunciation of trouble spots are highlighted on computer graphics. It is 

assumed that the plant will have a CEMS in place. It is recognized that each plant will have its 

own control philosophy, and any final design would have to make accommodations for the plant’s 

unique facilities and requirements. 

Elect&al Equipment- 

It is assumed that the plant can provide a power lead from its 4160 VAC bus. The design 

would include the necessary transformer and switchgear to power the Coolside equipment 

enclosure and Cwlside equipment. The electrical equipment room is located in the Coolside 

equipment enclosure snd will house the 4160 and 480 VAC load centers, motor control centers, 

and lighting panel. A groundinp grid, 120 VAC utifhy outlet and control power system, elect&al 

beet tracing, and indoor and outdoor lighting am also included. The interconnecting wire, wnduit, 

and cable ways between the Coolside equipment and the electrical equipment room am included. 

The 41 SO/480 transformer is kxated just outside the Coolside equipment enclosure. 

Heating, Ventiletion, and Air Condiioninp- 

The Cwlside equipment enclosure and the humidification enclosures will be heated and 

ventilated. The electrical equipment room will be heated and air conditioned to support the control 

system hardware. 

Miscellaneous- 

A sump is located in the Cwlside equipment enclosure to collect water from ash and lime 

truck spill wash-down water, atomization water tank overflow, and miscellaneous drip and floor 

152 



drains, but not including sanitary, roof downspouts, or storm drains. Two 100 percent vertical 

sump pumps will transfer the ash/lime waste water into a disposal system by others. A mixer will 

be located in the sump to provide off-bottom suspension of solids. 

Both Coolside ash and lime truck spill wash-down water will be highly alkaline. Therefore, 

it will be necessary to neutralise this water before pumping it to disposal. A neutralisation system 

consisting of two pH meters, a sulfuric acid tank, a tank containment. and an acid metering control 

valve is included. The acid tank will be located just outside of the Coolside enclosure as close to 

the sump as possible. The pH meters will monitor sump water PH and forward the signal to the 

control system which will maintain the sump pH at 7.0 by the gravity addition of sulfuric acid. 

An instrument air system will be included to dry, filter, and condition a portion of the 

atomization air for use as instrument air throughout the Coolside system. The plant’s instrument 

air system will be the back-up to this system. 

Coolside Operating Manpower- 

It is expected that four additional operators would be required to start, operate, control, and 

shut down a commercial Coolside system. time truck unloading is performed unsupervised by the 

lime truck drivers. One Cwlside control room operator per shift will start/stop remotely operated 

equipment, set pmcess flow control conditions, monitor process operation, and respond to alarm 

conditions. The boiler auxiliary equipment operator will start/stop locally operated equipment, walk 

down and monitor equipment operation, and respond to alarm and upset conditions as requested by 

the Cwlside operator in the control room. Ash hopper evacuation will proceed in the same manner 

as before Cwlside, however, more frequent evacuation will be required. Ash unloading to trucks 

will also proceed in the same manner as before Coolside, and will be performed more frequently 

and/or a greater number of trucks will be filled during each unloading process. 

153 



&hWV*- 

“Ii&h d ‘euq 1- 
-mlmm 
,,rr*n *r Yew” 
CaDwAan bmlle 
-pu 
~wrv.rhd- 

mw$g$& 

-eqdmlmr- 
-~-wuk 
swemU,rirrnr~~sItrrn 
I*h.-tii- 
.wo VIC *awrm 
UOVACU- 
Yuam.- 
LuaoW 
c”~crr-ndull-- 
HNemaP9MndNDq 
1ZO”y*c-~ 
&y *- 

“ratio* 
Lnlwmcnw*koahn.r*-a~ 

m 

h,& 

154 



t Y 'T II IICZ I 



-Limestone Forced Oxidation FGD Svstem Desian 

The LSFO FGD process was selected for comparison with LIMB and Coolside FGD Systems 

because its design is considered to be the state-of-the-art wet scrubbing system that would be 

purchased by an electric utility to meet current and future stack emission requirements. The design 

consists of four process areas: the limestone storage and preparation system; fans and ductwork; 

the absorber system; and the dewatering system. It is assumed that the existing ID fans are not of 

great enough capacity to overcome the additional pressure drop of the LSFD system, and new 

supplamental ID fanfs) will be required. Rubber-lined carbon steel was chosen as the material of 

construction for the absorber tower, although it is realized that varying chloride concentrations and 

other site-specific conditions may dictate the use of stainless steel alloyS or other materials. A gas 

distribution/SO, absorption tray fs utflired in the absorber tower in this evaluation. A design 

without a tray would require an additional spray level(s) and a greater liquid-to-gas ratio (L/G). In 

this design the gypsum product ls considered to be of disposal grade, rather than being washed to 

a higher quality for use as wallboard. flue gas reheat is not included as there is provision for a new 

wet steck. A liiing of the scope of equipment and a LSFO FGD system schematic are presented 

efter the deteiled descriptions in Table 25 and Rgure 46, respectively. 

Limestone Storage and Preparation System- 

Limestone is delivered to the site by trucks which unload into a receiving bin located near . . 

the limestone bulk storage facifii. A conveyor elevetes the limestone into this facility which holds 

a 31 day l uppfy of limestone for the unit operating at MCR. A transfer conveyer elevates 

limestone from the bottom of the bulk storage facilff to the limestone day silo which holds a 24 hr 

supply of limestone. The limestone bulk storage facility is enclosed for weather protection. The 

limestone day silo has two discharge points, each of which is fmed with a manual slide gate for 

isolation, and with a vibrating bin bottom to facilitate the flow of limestone to the limestone 

preparation system. From each dirge point, limestone can be fed to a weigh belt feeder which 

is controlled to supply the required amount of limestone to a wet ball mill. There are two 1 DO 

percent capecity, rubber-lined ball milfs supplied. The mills grind the limestone to a panicle size of 

95 percent passing 325 mash (44 flnn). The rasulting 30 psrcent solids limestone/water slurry is 

fed to the its storage tank which has a 12 hr storage capacity at MCR. 

Each ball mill has one mill product tank with a mixer, two 100 percent mill product pumps, 

cyclone classifiers (spared), two bearing lubrication oil systems, and a gear lubrication system 



included. The limestone slurry storage tank has one mixer and two 100 percent feed slurry pumps 

which pump fresh slurry to the absorber system. The limestone slurry preparation equipment is 

located in an enclosure which contains the necessary stairways and platforms for access to the 

equipment, heating and ventilation, lighting, control panel, overhead maintenance hoists, an electric 

roll-up equipment access door, and a drainage sump. The sump is fitted with two 100 percent 

sump pumps and a mixer. 

Fans and Duchvork- 

Flue gas exiting the existing ESP is directed to two 50 percent ID fans by a section of 

carbon steel ductwork. The ID fans are sized to overcome the pressure drop of the absorber 

module and the ductwork. From the ID fan outlets, a carbon steel duct directs the flue gas to the 

absorber module entrance noule. The absorber module entrance nozzle is constructed of 3/l 6 in 

thick C-276 alloy. After exiting the absorber tower, the flue gas is directed to the stack by a 3/l 6 

in thick 317 LMN stainless steel outlet duct. A carbon steel 100 percent absorber bypass and 

three guillotine isolation dampers are included. 

Absorber Svstem- 

Flue gas from the ID fan outlet is directed to the SO, absorber system. which utilizes a 

single 100 percent capacity carbon steel, rubber-lined absorber module to remove 95 percent of 

the SO1. Removal is accomplished by a countercurrent spray absorption process occurring in the 

absorber module. By spraying limestone slurry into the flue gas, calcium carbonate ICeCO,) reacts 

with SO, in the flue gas to form hydrates of calcium sulfiie (CaSOJ and calcium sulfate lCaSO.1. 

The reacted slurry collects in the absorber module recirculation tank. Air is blown into the 

recirculation tank through a sparge ring at a stoichiometric ratio of 1.5 mol OJmol SOI absorbed to 

convert 99 percent of the sulfite to sulfate. The recirculation tank is sized for 6 min retention time. 

Mixers provide off-bottom suspension of the slurry solids. Large slurry pumps take suction from 

the recirculation tank with each feeding an individual spray header. A perforated tray, located 

below the spray zone, acts as a gas distribution device. A froth of recycled slurry develops on the 

tray as flue gas passes through it, assuring optimum gas/liquid contact and promoting the 

absorption of SO,. 

Bafore exiting the absorber module, the flue gas passes through two sets of mist 

eliminators where entrained slurry droplets are removed. A mist eliminator wash system 

periodically removes any collected solids from the mist eliminator. The pH of the recirculation tank 
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slurry is monitored, with fresh limestone slurry added to maintain the optimal pH for the SO, 

absorption/oxidation reactions. The density of the recycle slurry is controlled by the addition of 

reclaim water to the recirculation tank. Spent recirculation slurry is pumped to the dewatering 

system, as required, to maintain proper level in the recirculation tank. The cleaned flue gas exiting 

the absorber tower is exhausted through a new wet stack. 

Dewatering System- 

The spent slurry is dewatered to a concentration of 35 percent solids by two 50 percent 

capacity hydroclone clusters. Each cluster consists of several cyclones fspared) with carbon steel 

housings and snap-in rubber liners. The thickened underflow slurry is collected in a rubber-lined 

launder and fed by gravity to a waste slurry tank. The waste slurry tank is sized for 16 hr storage 

and fmed with an off-bottom mixer. One of two 100 percent waste slurry feed pumps directs 

waste slurry to the vacuum filters. The overflow from the hydroclones is directed to a clarifier for 

removal of the fine solids. A polymeric flocculant added to the clarifier assists the gravity settling 

of fines. The solids settle to a discharge cone at the center of the clarifier where one of two 

100 percent clarifier underflow pumps directs the solids to the waste slurry tank. Clarified reclaim 

water overffows the clarifier and is directed to a reclaim water storage tank which fs sized to equal 

the clear water content of the weste slurry tank. One of two 100 percent reclaim water pumps 

returns reclaim water to the absorber, limestone preparation system, and other process equipment. 

Two 100 percent cape&y rotary drum vacuum filters dewater the waste slurry to an 

65 percent solids fflter cake. The fiftrete is directed to the clarifier for removal of the fine solids. 

Conveyors transport the gypsum fiher cake to the stack-out area where k is stored until it can be 

trucked to a disposal site. For this evaluation, the disposal site is assumed to be an unlined landfill 

located one mile from the gypsum steck-out area. 

Absorber Area Enclosum- 

An enclosure will be located at the base of the absorber tower. It will support and/or 

enclose: 

l The absorber recirculation pumps 

l The oxidation air blowers 

l The absorber tank mixers 

l The absorber area sump 
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l pH and density monitoring equipment 

. Heating and ventilation 

l Hoists and monorails 

l Water strainers 

l A control room with heating, ventilation, and air conditioning (HVAC) 

l A room for electrical switchgear and motor control centers with heating and vengfation 

l Equipment access roll up doors 

l An instrument air system 

l Restroom facilities 

l Lighting 

l Heat trace panels 

l Elevator. 

Vacuum Alter Enclooure- 

The vacuum filters and related process equipment will be located in an enclosure which 

contains the necessary stairways and platforms for access to the equipment, heating and 

ventilation, lighting, a control panel, overhead maintenance hoists, an electric roll-up equipment 

access door, and a drainage sump fitted with two 100 percent sump pumps and a mixer, 

Pipe Racks- 

The design includes two 150 ft pipe mcks for supporting pipe runs between the limestone 

preperation system and the absorber system, and between the vacuum filter system and the 

absorber system. The support elevation will be 20 ft above grade to clear roadways. The rack will 

carry interconnecting piping, and electrical wiring in cable trays. 

Instrumentation and Controls- 

The absorber system will be controlled and monitored from the scrubber control room 

located in the absorber enclosure by scrubber operators. Absorber area equipment start/stop and 

process control operations will be from the scrubber control room. The limestone preparation 

system and the vacuum filter system will be started from local control panels. These systems will 

be monitored from the scrubber control room where full start/stop capability will also exist. The 

control system design includes computeriaed process control and an operator interface console. 

System process status end annunciation of trouble spots are highlighted on computer graphics. It 

is assumed that the plant will have a CEMS in place. It is recognired that each plant will have its 
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own control philosophy and that any final design would have to make accommodations for the 

plant’s unique facilities and requirements. 

Electrical Equipment- 

It is assumed that the plant can provide a power lead(s) from its 4160 VAC bus. The 

design would include the necessary transformerIs and switchgear to power the LSFO system 

equipment. The electrical equipment room is located in the absorber area enclosure and will house 

the 4160 and 460 VAC load centers, motor control centers, and lighting panel. A grounding grid, 

120 VAC utility outlet and control power system, electrical heat tracing, and indoor and outdoor 

lighting are also included. The interconnecting wire, conduit, and cable trays between the LSFO 

system equipment and the electrical equipment room are included. 

Heating, Ventilation, and Air Conditioning- 

The absorber area, limestone preparation system, and vacuum filter enclosures will be 

heated and ventilated, as will the electrical equipment room. The control room will be heated, 

ventilated, and air conditioned. 

Miscellaneous- 

Two 60 wrcent instrument air systems complete with air dryers, filters, and air receivers 

am included. Eyewash/safety showers are provided throughout the system as required. A seal 

water system fs provided. Sewke water and service air stations will be provided as required 

throughout the system. It is assumed that the plant will be able to supply seal water, service 

water, and service air to the LSFO system. 

LSFO FGD System Operating Manpower- 

Additional operating manpower will be required to start, operate, control, monitor, and shut 

down the LSFO system. One control room operator per shii will start/stop remotely operated 

equipment, set process flow conditions, monitor process operations, and respond to alarm 

conditions. One outside operetor per shii ftwo on day shift) will start/stop locally ogemtad 

equipment, walk down and monitor equipment operation, and respond to alarm and upset 

conditions as requested by the control room operetor. One full-time laboratory technician will 

monitor scrubber chemistry and critical process parameters such as limestone quality, pH, density, 

and fresh slurry grind size. Two full-time instrumentation and control fI&C) technicians will 

troubleshoot and maintain the LSFO system controls and instruments. Four full-time mechanics will 
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perform maintenance on the system equipment. One full-time yard equipment operator will operate 

a front end loader to fill gypsum disposal trucks and move limestone into the unloading bin. One 

full-time suparvisor will have responsibility for the optimum operation of the LSFO system and 

provide supervision for the operating personnel. These requirements are summarised as follows: 

Job De!w.uc ” 

LSFO system supervisor 

Control room operator 

Outside operator 

Outside ogerator 

Lab technician 

I&C technician 

Mechanics 

yard equipment operator 

izm!maa 
Day shift-5 daylwk 

24 hr-7 daylwk 

24 hr-7 daylwk 

Day shift-7 daylwk 

Day shift-5 day/wk 

Day shift-5 daylwk 

Day shift-5 daylwk 

Day shift-5 daylwk 
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ECONOMIC EVALUATION 

Following on the design. installation, operation, and technical evaluation of the LIMB and 

Coolside technologies, the economic analysis is the last step of the demonstration projects. In 

keeping with the project ooal to show generic applicability, the analysis attempts to present a 

comprehensive summary for both processes. The perspective is one developed by those who both 

participated in each of the preceding steps and have direct access to corresponding information on 

the LSFO technolwy with which the two are compared. 

The costs of the LIMB, Coolside, and LSFO processes for each of the three coals and four 

plant sizes used the same overall approach. Wherever possible, this included a level of engineering 

typical of that used to provide actual budgetary estimates to customers in commercial applications. 

Although the number of cases examined precluded absolutely unique analysis of each, individual 

material balances established the basis for sizing and developing equipment lists. Whenever 

necessary, new vendor quotations were obtained to supplement the current B&W equipment cost 

data bass which reflects costs on utifii systems sold within the past year or two efter passeoe of 

the CAAA in late 1990. The reference plant and process design information included earlier in 

Tables 17 through 22 established the bases for the scopes of equipment in Tables 23 through 25 

from which costs ware individually determined. Because it probably reflects the most widely 

accepted methodology, EPRl’s TAG”’ was usad as a Ouide for the analysis, with the vendor 

quotations or pertinent costs from the current data base being inserted whenevar they we10 

considered to be more representative than more generic estlmatino techniques. 

The discussion to follow tries to prasant the analysis in a format that a utkity might use in 

determining the applicability of the processas as part of en overall compliance strategy, rather than 

as a detailed listing of all the specific assumptions and costs made for each and every case. Such 

an approach recognizes the uncertainty that arises from any of a number of site-specitic 

considerations that require individual analyses in the final decision-making process, General, rather 

than explicit, justification is used for choosing various factors for such things as construction and 

maintenance because these factors are usually closely coupled with site-specificity. The summary 

curves permit the individual reader to superimpose his or her own immediate concerns and maka e 

preliminary judgment regardink! feasibility of a potential application. 
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Costs are divided into the three major categories of capital cost, variable costs, and fixed 

operating and maintenance IO&MI costs. The capital costs, or total capital requirement (TCR), 

consist of the total plant investment fTPIj, preproduction costs, inventory, land, and interest during 

construction IIDCI. Variable costs include major consumables and disposal costs. Maintenance 

costs for both labor and materials, operating manpower costs, and administration and overhead 

costs constitute the fixed O&M costs. Annual levelized requirements, expressed in terms of $/ton 

SO, removed, end operating costs, expressed in units of mill/kWh, were also determined. A 

constant dollar Ievelization technique, as outlined in TAG”‘, was used on the capital carrying 

charges and operating costs in order to account for only real, and not inflationary, escalation. 

Table 28 summarizes the economic premises. The costs for consumables, utilities, labor, and 

disposa4 wow derived from TAG’” and converted to 1992 dollars. 

Tha installed aquipment costs fIECl are calculated using the individual equipment costs (EC) 

and construction factors fCFh The latter are discrete multipliers for each item in the scope of 

supply and mpresent that percentage of each EC needed to cover both direct and indirect 

construction coats. Direct construction costs include such things as field Iabor, factory equipment, 

and field materials and supplies. Indirect construction costs are for such items as supervision, 

payroil burdan. tools, field engineering, and facilities. The construction factors ware derived from 

B&W Construction Company’s historiwl information, and are based on their wide range of 

experience installing FGD and power plant aquipment. As applied here, the construction factors 

include so-called retrofn and site-factors and varied according to the specific requirements of 

installing each piece of equipment. 

Tha TPI is the sum of the IEC, engineering, general facilities, and process and project 

contingencies costs. Engineering costs include the costs of engineering end home offiie overhead. 

A factor of ten parcent of tha IEC is used, as this is the amount considered representative of the 

FGD industry. 

General faciliis costs are the funds used to construct the,general facilities, including 

roads, buildings, shops, and laboratorlar. A factor of 5 percent of the IEC, at the low end of the 5 

to 20 parcent range found in TAG N is used since the cost for all of the buildings essocieted with , 
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each of the processes wes included in the IEC elready. 

The process contingency factor takes into account the capital costs associated with the 

uncertainty inherent in a new technology. TAG’ values span the range of 0 to a high of 

10 percent for processes that are in the commercial phase. A factor of 5 percent is assumed here 

for the LIMB and Coolside processes, and a factor of 2.5 percent for the LSFO process. Process 

contingency cost is calculated by multiplying this factor by the sum of the IEC, engineering, and 
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general facilities cost. 

The project contingency cost is similarly calculated according to the TAG’” procedures to 

cover possible cost deficiencies caused by a less-than-final design/estimate. The project 

contingency factor is multiplied by the sum of the IEC, engineering. general facilities, and process 

contingency costs to arrive at the project contingency cost. The factor itself can range from 5 to 

50 percent, corresponding to a design/estimate ranging from finalized through preliminary to 

simplified. Those prepared in thir study fall into the preliminary category, which generally are 

assigned values of 15 to 30 percent. Since the LSFO design/estimate satisfied all of the criteria for 

a preliminary rating, the 15 percent factor was used. An 1 B percent factor was chosen for LIMB 

and Coolside since slightly less detail was used in developing these designs. 

Once the TPI has been determined, the costs for preproduction. inventory, land, and IDC 

are added to arrive at the TCR. In the case of LSFO FGD, the cost of land was also added since 

this technology is known to have certain space requirements. Those for LIMB and Coolside, on the 

other hand, are regarded as insignificant. The procedure used to arrive at the costs for 

preproductkm, inventory, and IDC follow those outlined in TAG’. 

. 
Variable operating costs ere those associated with the major consumables and the disposal 

of waste products. These costs are dependent on flow rates and plant operating time. To arrive at 

the yearly cost for any given consumabfe, tfte full-load, hourly rate of consumption is multiplied by 

the unit cost, the plant capacity factor, and 8,760 hr/yr. The cost of disposal of waste products is 

calculated in an equivalent manner from the feed rates and removal efficiencies. The total 

represents the ennual variable operating cost. Appendix F contains a summary table of consumable 

usage and waste disposal quantities for all the cases, as well as motor lists specifying the quantity 

of each, the horsepower rating of the motors, and the associated operating power in kW. 

Fixed costs are those associated with operating labor, maintenance, and administrative 

overhead. Operating labor costs are determined by multiplying the number of jobs required to 
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operate the plant by the average hourly labor rate end by 6,760 hr/yr. Annual maintenance costs 

ere calculated as the product of the TPI and a maintenance factor related to the severity of the 

service environment. The range in TAG”’ runs from 1 percent for abrasive conditions to over 10 

percent for very corrosive conditions. In this study, a common value of 4 percent was selected 

based on the assumption that the potential for abrasive conditions in LIMB and Coolside is no more 

expensive than the potential for corrosion in LSFO. Forty percent of the total is ascribed to 

maintenance labor and the balance to maintenance materials. Administrative and overhead costs 

are essumed to be 30 percent of the maintenance labor and operating labor costs. 

Appendices G, H, and I contain examples of the detailed summaries resulting from the 

aconomic analyses of the LIMB, Coolside, and LSFO processes, respectively. The data are 

presented for the 150 MWe cases with 1.5, 2.5, and 3.5 weight percent sulfur coals and using 

commercial hydrated calcitic lime as tha LIMB sorbent. 

ECONOMIC COMPARISON OF LIMB, COOLSIDE, AND LSFO FGD 

The comparison of LIMB, Coolside, and LSFO capital and annual levelired coats are 

summarized in Tables 27 and 28, respactively, for each of the 36 cases evaluated. The same 

information is presented in a series of figures, discussed in sets of three, which depict the costs as 

a function of size expressed in terms of the unit’s nominal generating capacity. The effact of 

increasing coal sulfur content from 1.5 to 2.5 to 3.5 weight percent is shown within each set of 

thma graphs. Total capital requimd is expressed on e $/kW basis. The annual levelixed cost. 

calculated in terms of $/ton SOI removad with a basic assumed book life of 15 yr, accounts for the 

operatinp and maintenance costs associated with each case. Operating costs in particular are also 

presented on a mill/kWh basis. 
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Following the discussion of the basic capital and levelized costs, the concluding portion of 

this economics section presents figures depicting the sensitivities of the LIMB and Coolside costs to 

changes in those conditions most likely to affect costs in actual applications. These sensitivities 

include the effects of plant capacity factor, unit book life, and reagent cost. LIMB-specific 

sensitivities to sorbent choice and sootblowing requirements conclude the discussion of economics. 

The capital costs of the optimized LIMB, Coolside, and LSFO processes for coal sulfur 

contents of 1.5, 2.5, and 3.5 weight percent appear in Figures 47, 48, and 49, respectively. The 

plots reflect the economy of size, dropping quickly between the 100 and 250 MWe cases, and 

then Ieveling off between boilers capable of 250 and 500 MWe. As would be expected, the LSFO 

capital coats ere significantly higher than those of LIMB and Coolside in all cases, primarily because 

of the amount of equipment required. 

For the cases studied, LSFO capital costs are 4.3 to 5.4 times LIMB capital costs, and 2.3 

to 2.8 times Coolside capital costs. Coolside capital costs are 1.6 to 2.3 times LIMB capital costs, 

mainly because of the humidification requirement. A LIMB system designed for operation at close 

approach to the adiabatic saturation temperature of the flue gas would have costs similar to those 

of Coolside. Overall, capital coat economics favor the LIMB and Coolside processes for those 

applications where high SO2 remove1 efficiency is not required. 

Annual I eve 

Corresponding to the capital cost comparisons above, Figures 50, 51, and 52 show the 
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annual levelized costs in terms of b/ton of SO, removed. These graphs again depict a drop in cost 

as the unit size increases, with the greatest decrease occurring between the 100 and 150 MWe 

sizes. For the cases studied, the annual levelized costs of LIMB and Coolside were found to 

decrease as the coal sulfur increases, even though operating costs (discussed in the next 

subsection) increase. However, the lower utilization of sorbent with these technologies causes the 

difference to become less pronounced as the size increases. 

For the 1.5 weight percent sulfur coal case, both LIMB and Coolside show favorable 

economics compared to LSFO for all unit sizes examined. The fact that LIMB economics are lower 

than those of Coolside for all cases is again attributed to a significant extent to the cost of 

humidification to a close approach temperature. For the 500 MWe case, LSFO costs are nearly 

equal to those of Coolside, indicating that LSFO economics begin to become favorable for units this 

large and larger, even for the relatively low sulfur coal. For the 2.5 weight percent suffur coal, 

LIMB maintains favorable economics in comparison to those of LSFO up to about 450 MWe, and 

Coolside up to ebout 220 MWe. LIMB continues to show favorable economics in comparison to 

Coolside for all cases, though the reader fs reminded that site-specffc circumstances might easify 

make the difference leas significant. For the 3.5 weight percent sulfur coal, LSFO la the preferred 

choice over Coolside except for the 100 MWe case, and over LIMB for units larger than about 240 

MWe in size. LIMB economics remain lower than those of Coolaide over the whole range for the 

same reasons mentioned above. 

Since the annual Ievrfiied costs mpresent the overall combined costs, utility personnel find 

it instructive to examine the opemting costs alone on a mill/kWh basis. Table 29 contains this 

information for all 36 cases. Fixed and variable operating costs are separately listed, along with 

the total of the two. The coata presented are first-year costs and are based on net kWh and a 65 

percent capacity factor. As noted earfier in this section, the fixed operating costs include operating 

Iabor, maintenance labor and materials, and administration and overhead. The variable operating 

coats include reagents, power, water, and steam usage, and waste disposal costs. 

Because these operating costs constitute a substantial portion of the levelized costs, they 

exhibit the same types of trends, except that lower utilization drives uo the cost per kilowatt-hour 

as coal sulfur increases for a given unit size. LIMB and Coolside operating costs are generally lower 
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than those for LSFO for smaller units burning the lower sulfur coals. As boiler size and coal sulfur 

content increase, the LSFO operating coats gradually swing the economics in favor of this 

technology. 

COST SENSITIVITIES 

The base case economics discussed above assumed a 65 percent unit capacity factor, a 

figure used in TAG” for a base-loaded plant. The LIMB and Coolside technologies are viewed as 

being particularly applicable in retrofit situations for smaller, older plants. Since this population of 

boilers undoubtedly operate over range of capacity factors, cost sensitivity to this variable is 

thought to be especially pertinent. As a result, the economics at 40 and 75 percent capacity 

factors were also determined. Figures 53, 54, and 55 present the annual levelized costs for all 

cases at a plant capacity factor of 40%. The results show that lowering the plant capacity factor 

shifts the economics toward LIMB and Coolside. Coolside is favored over LSFO for the 1.5 weight 
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percent sulfur coal case, up to about 400 MWe for the 2.5 weight percent sulfur coal case, and up 

to approximately 210 MWe for the 3.5 weight percent sulfur coal case. LIMB is favored over LSFO 

in all 1.5 and 2.5 weight percent sulfur coal cases, and up to about 500 MWe in the 3.5 coal sulfur 

case. LIMB is favored over Coolside in all cases. Including provision for operating a LIMB system 

close to the saturation temperature to improve SO, removal would be expected to minimize or 

eliminate this advantage. 

Figures 55, 57, and 58 present the annual levelized costs for all cases at the higher plant 

capacity factor of 75 percent. As would be expected, the results show that increasing the plant 

capachy factor limits me applicabilii the LIMB and Coolside processes in comparison to LSFO. 

Under this assumption, Coolside is favored over LSFO up to about 450 MWe for the 1.5 weight 

percent aulfur coal case, and up to 180 MWe for 2.5 weight percent sulfur coal case. The 

advantage goes to LSFO for the.3.5 weight percent sulfur coal case for all unit sizes. LIMB is 

favored over LSFO in all cases for the 1.5 weight percent sulfur coal case, up to 340 MWe for the 

2.5 weight percent sulfur coal aulfur case, and up to 175 MWe for the 3.5 weight percent sulfur 

coal case. The unit sixes favored by the technologies are aummarized in Table 30. 

Effect of Unit Book Life 

Base case economics were detemtined with an assumed 15-w plant book life. For actual 
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retrofit installations, this may vary significantly or change as time passes. In order to provide some 

estimate of the effect on the economic analysis, additional annual levelized costs were determined 

for each case for book life spans of 5, 10, 20, and 30 vr. The results presented in Table 31 show 

that LIMB and Coolside tend to have the economic advantage over LSFO as the plant book life is 

lowered. ReducinQ the book life fevers the lowest capital cost option because capital costs 

increase proponionally for each case, while the operatina expenses remain constant. As a result, 

older plants will tend to be sites where application of the lower capital cost UMB and Coolside 

processes will be favored. 
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For the base case analysis, the hydrated calcitic lime cost ,was assumed to be 64 S/ton for 

LIMB and Coolside, while limestone cost was assumed to be S17hon for LSFO. The values were 

costs SuQgested in TAG’” (adjusted for eSCalatiOn). ReaQent COStS can vary SiQnifiCantlv With 
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QeoQraphiC location, transportation methods end distances, and market demands. The effects of 

lower and higher reaaent costs on the annual Ievelized costs were determined. The change in 

reagent cost was expressed in terms of a percentage, as shown in Fipure 59. A 10 percent 

reduction in reagent cost effects corresponding decreases of $4, S 19, and $26 per ton of SO, 

removed for LSFO, Coolside, and LIMB, respectively. A 5 percent hiQher reagent cost resuks in 

increases of $2, s9, and 914 per ton of SO, removed for LSFO, Coolside, and UMB, respectively. 

Overall, this portion of the analysis is another indication of the greater senskivky of LIMB and 

Coolside to sorbent utiliiatlon. 

Related to the effect of ChanQinQ reagent cost, the choice of sorbent for LIMB applications 

in particular affects the annual levelixed costs of this technology. Costs were examined for the 

three commercially available materials - hydrated calcitic lime, type-N hydrated dolomkic lime, and 

CalCkiC limestone. As mentioned early in this section, the major impact of ChanginQ sorbent is on 

the operating costs. Some differences in the capital cost requirements would be expected for 

reasons Mated to density or purky (e.g., somewhat IarQer silos or transfer equipment capackles). 

However, these are considered minimal in comparison to the impact on operating coats. 

The chases in operatinff costs would come about not only as a result of the cost of the 

Sorbent kseff, but also because of the tonnage that must be injected, the change in removal 

efficiency, and the coat of aah disposal. For tha purposes of this evaluation, fha delivered aon of 

dolomkfc lima and calckic lime am assumed to be equal et $S4/ton, and the cost of fimestone to be 

s45Iton delivered. The cost for lime is an escalated value from TAG=, and that for limestone is 

derived from S&W vendor informatjon. Thff limestone cost was assumed for auppfy of pulvarixed 

(100 percent passing thrOuQh 325 mesh I44 flmll material by sn outside vendor. While the 

possibilky exists that e utifkv would choose to buy coarse material and Qrlnd k on site, thff 

variation was not expected to be sufficiently likely to warrant the more detailed analysis that would 

be required for this one variation. Though k may be off by some amount, the $45/tori fipura is 

probably a reasonably equivalent cost for the utifii to Qrind ks own limestone. 

The impact of choosing different sorbents on the annual leveliied costs of LIMB is shown in 

Figures SO, 61, and 62 as a function of unit size. The SO, removal effiiencies for the three 
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Figure 92. Sensitivity of UMB annual levelized costs to sorbent choice and unit size 
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sorbents were sat at 60 percent for calcitic lime, 55 percent for dolomitic lime, and 30 percent for 

calcitic limestone, with one plot for each of the three coals examined. For all cases, the limestone 

costs are higher than those for calcitic lime, with the cost difference being on the order of 8450 to 

600/tori SO, removed for any given plant size while burning any of the three coals. The calcitic 

lime appears to have about a SZOOlton SO, removed advantage in the comparison with dolomitic 

lime for the ranges of both plant size and coal sulfur evaluated. While these figures clearly point to 

calcitic lime as the sorbent of choice, site-specific delivery and ash hauling costs can influence this 

particular segment of the economics dramatically. 

A key factor in maintaining boiler efficiency with the LIMB system is the proper design of 

the sootblowing system. It is generally expected that additional sootblowers would be required in 

most applications, especially in the convection pass area of the boiler. The base case economic 

analysis assumed the need for four additional sootblowers for the 100, 150, and 250 MWe cases, 

and six for the 600 MWe case. The actual number of additional sootblowers required would be 

very site-specific, and would depend upon the basic boiler design, coal and ssh characteristics, and 

reagent characteristics. In anticipation of the possible variations that might be encountered, the 

effects on capital and annual Ieveliied costs for the reference plants are presented in Figures 63 

and 64, respectively. The results were determined per pair of sootblowers that could be added 

since such modifications tend to follow symmetric patterns more often than not. 
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Figure 93. Capital cost associated with two additional sootblowers 

192 



10, I 

g 2 9- 

5 8- 
N 

$ 7 

E 6- 
G 

- 7z 5- 
s 
z 4- 
4 - 9 3 

i 2- 

r'1- 
2 

oL 
/ I 

0 100 200 300 400 500 600 ’ 

Unit Size, MWe net 

Figure 94. Annual levelled ast asscciated with lwo additional sootblowers 

193 



SECTION 10 

SUMMARY AND CONCLUSIONS 

The DOE LIMB Demonstration Extension Program showed that substantial reductions in SO, 

and NO, emissions are possible, using furnace sorbent injection m reduce SO2 and low NO. burners 

to reduce NO.. The SO, was reduced by as much as 70 percent while injecting lipno lime at a 

stoichiometry of 2.0 and humidifying to a 20°F approach to adiabatic saturation. Removal 

efficiencies of 61 percent were demonstrated while injecting the same sorbent at a stoichiometry 

of 2.0 with the humidifier operating only to maintain ESP performance. NO. levels were reduced to 

an average of 0.43 IbllO’ Btu over the demonstration, well below the goal of 0.60 lb/lo’ Btu. 

The demonstration of the generic applicability of LIMB technology, coupled with similar 

success with Coolside technology, more than met the project’s objective of building upon the 

knowledge base gained during the original EPA LIMB demonstration. With regard to the LIMB 

process, system operation succeeded in characterizing system performance of the four sorbents. 

The LIMB Extension portion of the demonstration took place between April 1990 and August 1991, 

while three coals with sulfur contents of 1.6, 3.0, and 3.8 weight percent were burned in the 106 

MWe boiler at Ohio Edison’s Edgewater Station in Lorain, Ohio. The sorbents tested were 

commercial calcitfc hydrated lime, the same lime with a small amount of calcium lignosulfonate 

added, a type--N’ atmospherically hydrated dolomftic lime, and calcitic limestone. Three 

increasingly finer grinds of pulverised limestone were tested. With the exception of the 

limestone/3.8 weight percent sulfur coal, all the basic coal/sorbent combinations were tested 

between the original LIMB Demonstration and the LIMB Extension projects. Tests with this one 

combination were not attempted because the relatively low SO1 removal effiiiency of this sorbent 

would have made it unnecessarily difficult to obtain data within a reasonable time period and still 

maintain compliance with the pfant’s 3Way weighted rolling everage SO, emission limit of 3.4 

lb/l 0’ Btu. 

RESULTS SUMMARY 

The SO, removal capabilities of the sorbents were characterised over a range of C&S 

stoichiometries while firing each of the different coals. All of the sorbents tested were found to be 

capable of SO, removal. Ligno lime offered the greatest reduction in SO,, followed in order by 

hydrated calcitic lime, hydrated dolomitic lime, and calcitic limestone. The remove1 efficiencies 
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with limestone were about 30 percent, absolute, less than the calcitic lime. A summary of the SC& 

removal efficiencies obtained is presented in Table 32. 

The calcitic limes wera found to be somewhat more effective than the type-‘N’ doiomitic 

lime on a CalS basis. The unreactive MgO component of the dolomitic lime makes it necessary to 

feed and remove material at higher rates for any given Ca/S ratio. Site-specific conditions, 

particularly those related to the possibility of low-cost, local supply, may still mske this sorbent 

economical for some applications. 

Cornraw to results obtained with ligno lime during the original LIME Demonstration, tests 

here indicated, at best, only a slight advantage in its use as compared to the commercial hydrated 

calcitic lime from which it is made. The possibility exists that the apparent lack of reproducibility 

arose out of manufacturing or handling differences, but neither could be proven from the tests 

conducted. 

The results also showed that the finer the limestone, the greater the reduction in SO, 

emissions. The sixes tested included 80 percent through 325 mesh I44 jmtrm), 100 percent through 

325 mesh, and 100 percent less than 1O~t-n. At a common reference Ca/S molar stoichiometry of 

2.0 while burning the 1.6 weight percent sulfur coal, the very fine material reduced SO, emissions 

by 38 percent, the midsize by 31 percent, snd the coarse material by only 22 percent. 

More extensive tests were run during the LIMB Extension than in the original project to 

determine the effect of injection level on removal efficiency. Sorbent injection points in the 

Edgewater boiler were located at plant elevations of 181, 187, and 19 1 ft. Test results indicate 

that SOI removal was about 5 absolute percent lower at 191 ft ss compared to that obtained at 

the lowest level. Injection at elevation 187 ft appeared to fall in between the two. Given the 

much wider variations that had been observed in pilot tests, the.results suggest that all three levels 

were close to optimal for this unit. It is noted, however, that the effect is intimately connected 

with proper mixing and dispersion of the injected sorbent into the temperature window required for 

maximum removal. 

Humidification of the flue gas to within 20°F of its adiabatic saturation temperature 

continued to show about an absolute 10 percent increase in SO, removal with any of the sorbents 

tested. This is similsr to what had been observed during the original LIMB Demonstration project. 
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The only other correfation found was that between removal effkfency and fnfet SO, 

concentration (coal sulfur). Resufts indicated that higher concentration tended m result in sliihtly 

higher SO2 removal for any given set of condiions. For tha range rtudi, the effect is not a 

strong one, however. 

Examinatfon of tha NO* emission data showed that the 9&W DREXCL- burners continued 

to perform as they had durfn9 the off&al demonstration. The overall average NO= emission of 

0.43 lb/l 0’ 9tu transfatad mm 24hour and 30day weighted robing averages of 0.44 lb/l 0’ 6tu. 

where coal firing rate was the weighting factor. Attempts to correlate minor variations in NO= 

emissions with load, excess air, the identfty of pulverizersAturners in service, and coal fineness 

were unsuccessful. Since tests on individual burners have shown that each of these can affect 

NO. emissions, it is suspected that the results in the full-scale furnace at Edgewater reflect a 

commin9ling of all, wfth the added influence of individual preferences of me operators. 

Psrticulate emission control, as monitored in me form of continuous opacfty measurements, 
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indicated that minimal humidification was effective in maintaining ESP performance throughout the 

LIME Extension. The fact that little or no humidification was needed when the coarse limestone 

was in use was in sharp contrast to its being essential when the limes were injected. Since air 

heater outlet temperatures also remained relatively low during injection of this limestone, one must 

question what the relative effects of size, particulate composition, flue gas water concentration 

(both in liquid and gas phase), and temperature are on ESP efficiency. Resolution of these effects 

was far beyond the scope of the project. Evaluation of the opacity data with that obtained during 

periods without sorbent injection became the primary means of comparison when time and cost 

constraints precluded the more intensive inlet/outlet loading tests that would have been necessary 

to assess performance directly under all the conditions tested. 

OPERATIONS SUMMARY 

Operation of the LIME system over the course of 16 months showed it to be available 

about 95 percent of the time the boiler was operational. Roughly half of the outage time was 

associated with mechanical failures of the atomiring air compressor, the solids pump, and a weigh 

cell on the feed silo - failures not specific to the technology. Plugged sorbent lines were a 

process-related problem early in the testing, though proper purging of lines before shutdown and 

the installation of service air connections soon reduced this to a negligible concern. The remaining 

downtime is primarily accounted for by two process-related incidents that included one major 

cleaning of harder deposits in the humidifier, and rebalancing of the humidifier lance flows following 

the formation of these harder deposits. The experience points to the need for careful design of the 

humidification system, especially when close approach to saturation temperatures is desired. In the 

latter case, a downflow humidifier with a hopper at the bottom would be the preferred 

configuration if space permits. 

Reduced heat transfer, as evidenced by elevated air heater outlet temperatures, continued 

to be the most noticeable effect of sorbent injection on the operation of the boiler itself. The 

greater the rate of sorbent injection, the more heat transfer was reduced until an equilibrium 

condition is established with sootblowing. Fortunately, there was no indication of any substantial, 

adherent deposits on the tube surfaces in spite of the substantial increases in particulate loading. 

Sootblowing easily removed the accumulation of ash on the tubes, though the need for careful 

planning of both the coverage and capacity of the system was identified. Some reduction of air 

heater outlet temperatures was realixed by increasing the capacity of the existing sootblowing 
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system in the chsngo from compressed air to steam. Experience gained during the LIMB Extension 

suggested that more effective coverage would have reduced these temperatures to normal levels. 

Somewhat surprisingly, almost no effect on the air heater outlet temperature was seen 

during injection of the more coarse limestone oorbent. Even when higher feed rates were used, the 

temperature remained near 3OOOF. Although a particle size effect is suspected because there was 

some indication of increasing temperatures in the short time when the very fine limestone was 

injected, no specific reason(s) have been identified. 

Alternate methods of unloading the quicklime-laden LIMB ash are seen es eliminating the 

difficulties encountered at the Edgewster fscility. These stemmed from release of steam as a result 

of the exOthehC reaction between quicklime in the ash (from excess sorbent) and water added 

both to rehydrate the quicklime and to control fugitive dust during disposal. At Edgewater, fans 

added to keep the steam from blocking the operator’s line of sight proved to be less than fully 

effective, and at times depended on wind direction and the amount of steam being evolved. Off- 

site hydration with radial stacking to allow steaming to subside, though impractical for the 

Edgewater demonstration, would have avoided the problem entirely. Totally dry removsl as a 

bYproduct is another possibilii, as ongoing studies continue to evaluate the potential for 

byproduct use associated whh the cementitfous properdes of the ash for such purposes as soil 

stabiliition and use ss e swtthetic eggregate. 

ECONOMICS SUMMARY 

The economics of flue gas desuffuriaation by the LIMB, Coolside, and LSFO technolwies 

were determined in the form of what essentially constitutes budgetary cost estimates for twehre 

cases each. Process designs were baaed on optlmiaed, commercial, retrofit installations with 

assumed SOI removal effiiencies of 59, 70, and 95 percent, respectively. The basic sets of 

reference plants were sssumed to bum 1.5, 2.5, and 3.5 weight percent sulfur coal in units of 

nominal 109, 150, 250, and 500 MWe capacities. Compsrisons made included those of capital 

costs on a $/kW basis, annual kvelized costs on a $/ton SO, removed basis, and fixed and variabfe 

operating costs on a mill/kWh basis. Sensitivities of the economics to capacity factor, book life, 

and reegent cost were determined for ell three processes. The effects of sorbent choice and 

sootblowing on the LIME process were examined separately because of their particular influence on 

the economics of this technology. 
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Averaged over all the cases studied, the total, installed, capital cost of LSFO was found to 

be roughly 2.5 times that of Coolside, and about 4.8 times that of the LIMB process. The installed, 

capital cost of the Coolside process was found to be approximately 1:9 times that of the LIMB 

process with minimal humidification. Inclusion of the capability to operate LIMB at close approach 

to the saturation temperature, to improve SO, removal, is expected to minimixe or eliminate this 

advantage. 

Similar comparison of the ennual levelixed costs show LIMB to be economically fsvored 

over LSFO for all unit sizes studied while burning 1.5 weight percent sulfur coal, for those up to 

450 MWe while burning 2.5 weight percent sulfur coal, end for those up to 240 MWe while 

burning 3.5 weight percent sulfur coal. Coolside is fsvored over LSFO for sires up to 500 MWe 

while burning 1.5 weight percent sulfur cosl, for those up to 220 MWe while burning 2.5 weight 

percent sulfur coal, and for units up to 100 MWe while burning 3.5 weight percent sulfur coal. 

The sensitivity analyses show thst lower plant capacity factors favor the LIMB and Coolside 

processes, as does shorter book Tie. Vsrying the reagent costs has a greater effect on LIMB and 

Coolside economics than it does on the LSFO process economics, primarily because of lower 

sorbent utilixation. The results of these sensitivity snalyses reflect what would be expected 

because of the relatively higher opereting costs for the LIMB and Coolside processes when 

compared to LSFO. 

Finally, the economic l nafyses highlight the feet that further optimixstion of the 

technologies should focus on improving sorbent utilization. Such studies are in progress, notably 

within laboratories st EPA, several universities under sponsorship of OCDO, the Illinois Clesn Coal 

Institute (formerly the Center for Research on Sulfur in Coal), and private industry. Advances in 

these technologies sre expected to offer increasingly more cost effective options for older, smaller 

plants to reduce emissions simply end reliably. 
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APPENDIX A: METRIC CONVERSION TABLE 

To convert frorq 

micron 

in 

ft 

mil 

mile 

lb 

ton 

BtU 

HP 

acre 

gal 

w 

ftlWC 

cfm (actual - acfm, standard - scfm) 

ff/lOOO cfm 

gr/dscf (68OR 

Iblfr’ 

in WC (39.2OF) 

lb/l 0’ Btu 

OF 

OF 

psi0 

In 

m 

m 

m 

m 

km 

kg 

kg 

J 

W 

m’ 

ma 

ma 

mls 

maIs 

maI1 000 m’h 

kg/m* (273 K) 

kg/ma 

PO 

rig/J 

Multiolv by 

1.000 x 104 

2.540 x lo” 

3.048 x lo” 

2.540 x lOa 

1.609 

4.536 x lo” 

9.072 x 10’ 

1.055 x 10’ 

7.460 x 10’ 

4.047 x 10’ 

3.785 x 1 O* 

2.832 x lo-2 

3.046 x 10’ 

4.719 x 104 

1.966 x lo-’ 

2.288 x 1oJ 

1.602 x 10’ 

2.491 x 10’ 

4.299 x lff 

C C = 15/9)1°F-32) 

K K - 273.15 + (5/911°F-32) 

Pa (absolute) Pa = 6895 lpsig + 14.7) 
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APPENDIX B: DETAILED SYSTEM DESIGN 

Sorbent and Han- 

1, Storage Silo Saghouse 

a). General Information 

Service 

Number of Collectors 

TYW 

Manufacturer 

Model 

bl. Sizing Information 

Air Flow, ACFM 

Collected Materiel Density, Ibti 

Air to Cloth Ratio, ACFM/ft’ 

Pressure Drop Across Sag, in WC 

Operating Frequency, hrlday 

cl. Sag Cleaning 

Type of System 

2. Storage Silo 

a). Design Information 

Design Pressures 

Maximum Positive, in WC 

Maximum Negative, in WC 

Design Material Den&v 

Structural, Ib/ft’ 

volumetric, lb/w 

b). Sizing Information 

Storage Capacity at Design Conditions, hr 

lnl!ent 
Fuller Cpmppav 
ynifiltar Model #4 

75 for Ummms 

30 for Hvdrated Limp 

143 
L6 

m 
x! 

43 Hvdrated Lime/73 Limestone 
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3. Aerator 

a). General Information 

T-w 

Make 

4. Storage Silo Blower 

al. General Information 

Service 

Number Supplied 

Manufacturer 

TYW 

bt. Sizing Information 

Rated Transport Capacity, lb/hr 

Rated Discharge Pressure, psig 

Discharge Temperature, OF 

CL Motor Information 

Msnufamurer 

Voltage/Phase/Cvcle 

Horsepower 

Speed. rpm 

Enclosure Type 

Fmme Size 

5. Fluidking Air Dryer 

a). Geneml Information 

Service 

Number Supplied 

Manufacturer 

TVW 

b). Sizing Information 

Rated Transport Capacity, SCFM 

Rated Pressure Drop, psig 

Rated Outlet Dewpoint, OF 

Rated Discharge Tempereture 

Water Flow, gpm 

Fuller Comoany 

i%tQckB 
Rotarv Positive 

1027 (227 CFM) 

6 

2QQ 

013164 

32 

JziQLvH 

win 25OF of Inlet Ail 

12 
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6. Storage Silo Feed a). General information Manufacturer Model Number b). Sizing Information Capacity, toruhr cl. Motor Information Manufacturer VoltagelPhase/Cycle Horsepower 



8. Feed Silo Baghouse 

a). General Information 

Service 

Number of Collectors 

Tvw 

Manufacturer 

Model 

b). Sizing Information 

Air Flow, ACFM 

Collected Material Densitv, Ib/ff 

Air to Cloth Ratio, ACFM/ft’ 

Pressure Drop Across Bag, in WC 

Operating Frequency. hr/dav 

cl. Bag Cleaning 

Tvpe of Svstem 

Peed Silq 

3-mLu 

Intermittent 

fuller Comoagy 

mfllter Model X3 

3 200 Nominalll600 Maxhuun 
130 Hvdm 

3.0 NominalN.0 Matgg.Mm 

6.9 Nominal17.5 fvtai&gg~ 

6 Limestone135 Hvdrated Lime 

Pulse 
9. Feed Silo 

a). Design Information 

Design Pressures 

Maximum Positive, in WC 81 

Maximum Negative, in WC 3 

Design Material Density 

Structural, Ib/ft’ i!5 

Volumetric, lb/f? 32 

bl. Sizing Information 

Storage Capacity at Design Conditions, hr 5.2 

Feed Svstem 

1. Feed Silo Bin Vibrator 

a). General Information 

Service 

Tvw 

Manufacturer 

Model Number 

Feed Silo Hoooat 

Vibratina Bin Dischm 

Vibranetics. Inc. 

YR!m 
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2. Sorbent Differential Weight Loss Feeder 

a). General Information 

Manufacturer 

Model Number 

Duantity 

bl. Sizing Information 

Capacity - Each, min to max toruhr 

3. Rotary Feeder 

al. General Information 

Service 

Manufacturer 

Model Number 

b). Sizing Information 

Pocket Efficiency. % 

Dasign Capacity, Ib/hr 

Number of Pockets 

Sealing Capacitv, psi0 

4. Feed Silo Feed Pump 

a). General Information 

Manufacturer 

Model Number 

b). Sizing Information 

Capacity, ton/hr 

cl. Motor Information 

Manufactumr 

Voltage/Phase/Cycle 

Horsepower 

Speed, rpm 

Enclosure Type 

Frame Size 

Service Factor 

Acrison. b 

403.24000-7500-6DF4-S 

z?Y!Lm 

2-11 LimestgggQ-11 Hvdrated Lime 

Feed Silo to ConvevingJgg 

STT Mark II Tvoe R2 

32 
0 lHvdratg&& 

B 

9.5 

4601316Q 

25 

m2Q 

TEFC-XEX 

iE!I 

us. 
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.C&~&JIO Air Svya[l! 

1. Conveving Air Compressors 

a). General Information 

Service 

Number Supplied 

Manufacturer 

TVpe 

bl. Sizing Information 

Design Transport Capacity, SCFM 

Design Discharge Pressure, psig 

Discharge Temperature 

cl. Motor Information 

Manufacturer 

Voltage/Phase/Cycle 

Horsepower 

Speed, r-pm 

Enclosure Type 

Frame Size 

2. Conveying Air Dryer 

a). General Information 

Service 

Number Supplied 

Manufacturer 

TYW 

bl. Sizing Information 

Rated Transport Capacity, SCFM 

Rated Outlet Dewpoint. OF 

3. Conveving Air Receiver 

a). General Information 

Service 

Number Supplied 

Manufacturer 

Convevina Ait 

smdJ.I 

Sullair Corooratigg 

Rotarv Screw 

za 
a2 
Within 15OF of Ambient 

I incoln. & 

4601316p 

us 

lzz!s? 

Ql2.r 

4QEcs 

Pure Aim. k 
Refrlaerated 

Qxrvevina Air ReceivpL 

5k!lLu 

Brunner. Inc. 
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3. Conveying Air Receiver fcontinuedl 

b). Sizing Information 

Design Pressure, psi 

Volume, gal 

4. Conveying Air Filter 

al. General Information 

Service 

Number Supplied 

Manufacturer 

TYW 

b). Sizing Information 

Rated Transpon Capacity 

Minimum Particle Siza, micron 

1. Booster Air Fan 

a). General Information 

Service 

Number Supplied 

Manufacturer 

TW 

Arrangement 

bl. Sizing Information 

Design Tmnspon Capacity, SCFM 

Design Discharge Pressure, in WC 

Discharge Tern-mum 

cl. Motor Information 

Manufacturer 

Voltage/Phase/Cycle 

Horsepower 

Speed. rpm 

Enclosure Type 

Frame Size 

Pure Aire. In& 

Q&QlJg 

790 SCFM at 100 osig 

Ql3 

Badid 

JJ.JQQ 

9Q 
,50F above m 

SiQmQQ 
46013lBQ 

m 

uQ!2 

EEC 

9.4s 
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pH Control Svstam 

1. Acid Storage Tank 

a). General Information 

Height, ft 

Diameter, h 

Tank Material 

Lining 

Lining Thickness, mil 

Covered 

Overflow 

b). Sizing Information 

Capacitv, ff 

3. Acid Transfer Pump 

a). General Information 

Service 

Tvw 

Manufacturer 

Model 

Material 

Pump Speed. rpm 

b). Siiing Information 

Capacti. wm 

Total Head, ft 

c). Motor information 

Manufacturer 

Voltage/Phase/Cycle 

Horsepower 

Speed, rpm 

Enclosure Tvpe 

a 
82 
Cprbon Sted 

PIasks 3066 

&ii 

us 

riQ 

5B.l 

Storaoe Tank to Dsv Tank 

Cantrifucral 

Chem Pump 

& 1 - l/2& 

tkx! 

34.a 

Ganeral 

460 / 3 l6Q 

2 

3sQ 

TE Severe Duty 
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4. Acid Metering Pump 

a). General Information 

Service 

Me 

Manufacturer 

Model 

Material 

Stroke Speed (per mitt) 

Quantity 

bL Sizing Information 

Capacity, gpm 

Discharge Pressure, norrn/max psig 

CL Motor Information 

Manufacturer 

Voltage 

Horsepower 

Wed, rpm 

Enclosure Type 

1. Humidllcatlon Air Compmssor 

al. Geneml Information 

Service 

Manufactumr 

TYW 

b). Sizing Information 

Design Transport Capaclty, CFM 

Desiin Discharge Pressurn, psig 

c). Motor Information 

Manufacturer 

Voltage/Phase/Cycle 

Horsepower 

Speed, rpm 

Frame Size 

Acid Metering 

Metarinp 

Milton Roy 

FR-165-144 

hi!2 

J4 

2 

Reliancg 

2o/400 

ReliancQ 

23QmQ 

IL2 

ELii5 

Jew0 - SXE 

Inaersoll-r(and 

4OOOl316Q 

J2z! 

=QP 
E!faQs 
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2. Atomizing Water Pump 

a). General Information 

Service 

Manufacturer 

Model 

Size 

bl. Sizing Information 

Design Transport Capacity, gpm 

Design Discharge Head, ft 

cl. Motor Information 

Manufacturer 

Voltage/Phase/Cycle 

Horsepower 

Speed. rpm 

Enclosum Type 

Service Factor 

1. a). General Information 

Manufacturer 

Airflow 

Construction 

b). Sizing Information 

Design Pressure, psig 

Design Temperature 

Water 

Worthinaton 

D-l 

3 x l-112 x 1Q 

xi!2 
XQ 

Elflima 
460 I3 I SQ 

32 

z&Q 

EEC 

JJ2 

Aerofin t&ggc&6 

Horizontal 
. . x 0.065 Avo. Wall W&led 

x!Q 
40°F from 150°F 
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Feed Sy~em 

1. Caustic Holding Tank with Spill Containment 

a). General Information 

Service 

Height x Diameter, ft 

Tvpr 

Fabricator 

b). Sizing Information 

Tank Capacity, gal 

Working Capacity, hr 

Working Capacity, gal 

Steel Containment 

cl. Construction 

Tank Bottom Plate 

Tank Shell end Cover 

Steel Containment 

2. Caustic Pump 

al. General Information 

Setvim 

Manufactumr 

Model 

b). Suing Information 

Design Transport Capacity, gpm 

Design Discharge Head, ft 

cl. Motor Information 

Manufacturer 

Voltage/Phase/Cycle 

Horsepower 

Speed, r-pm 

Service Factor 

Enclosure Type 

ustic Storage 

6.75 x 13 

k&Ian Steel Fabricators. Inc. 

40 @ w 

J6ftx20ftArgg 
. s-i hioh WafJ 

Yoc. 2 x l-112 x 8 

luimGQ 
4601316Q 

2Q 
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1. Rotary Feeder 

a). General Information 

Service 

Manufacturer 

Model 

Twe 

Quantitv 

b). Sizing Information 

Capacity, Ibrhr 

Density of Ash, Ib/fP 

Rotor Displacement, v/rev 

c). Motor Information 

Horsepower 

Enclosure Tvpe 

2. Transport Hose 

a). General Information 

Service 

Manufacturer 

Model 

TVW 

b). Sizing Information 

Inner Diameter, in 

3. Transpon Air Compressor 

a). General Information 

Service 

TV& 

.Flvash Feed to Transoort Hoa 

mot Comoany 

Ekl 

13 
IEE!i 

6 

Ash Transoon Air 

Rental Comor@.$&x 
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APPENDIX C: QUALITY ASSURANCE/QUALITY CONTROL 

INTRODUCTION 

A comprehensive quality assurance KLA) and qualify control (QC) program was an integral 

part of the LIMB and Coolside test programs and essentially consisted of a continuation of the 

program begun under the original EPA-sponsored LIMB Demonstration Project. Radian Corporation 

was again retained to provide virtually all the analytical support under the Ouality Assurance Project 

Plan @APPj prepared in accordance with EPA guidelines. The goal of the OA/QC effort was to 

ensure that the data collected were of known accuracy and precision, and that they were as 

complete and representative as the instruments and procedures used would permit. 

The entire scope of the OA/ClC program included a wide variety of flow, temperature, and 

pressure measurements throughout the boiler and sot-bent feed systems, in addition to those of an 

analytical nature. Since this report is directed primarily at emission control aspects, the focus in 

this summary focuses upon the analysers that constituted the CEMS operated by Radian 

Corporation at the ESP outlet location. 

The concentrations of SO,, NO,, 0,, CO,, and CO monitored by this system were the basis 

for determining the results presented in the main body of the report. The balance of this appendix 

presents a brief description of this sampling and analytical system, followed by a summary of the 

main OA/OC measures employed in the course of the project. 

Continuous Emissiqps Monitom 

The CEMS probe was located in the 11.5 x 11.5 ft ESP outlet duct approximately 

6.5 equivalent diameters downstream of the ID fan and 1.5 diameters upstream of a 90° bend. No 

significant SOJO or NOJO, stratification was experienced at this location because good gas 

mixing occurred in the ID fan. This was verified bv SOJO, and NOJO concentration profiles 

determined for the ESP outlet duct during the baseline period of the original LIMB Demonstration, 

prior to installation of the CEMS probe. No significant stratification was found; therefore, the 

CEMS probe was located in the centroidal ares of the duct. Stratification was considered to be a 
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condition identified by a difference in excess of 10 percent between the average concentration in 

the duct and the concentration at any point more than 1 .O ft from the side of the duct. 

A schematic of the CEMS sample acquisition system after the probe is shown in Figure 14 

in Section 5 of the report. The sample stream for the CEMS was acquired using a heat-traced 

sample line maintained at a temperature of at least 1 20°C to prevent condensation of water in the 

sample line. To ensure representative measurements, all calibration and DC gases were introduced 

at the inlet of this sample line. A gas conditioner, consisting of a chilled knock-out wsp, provided a 

dry gas stream for analysis. Data from the CEMS instruments were collected and recorded by the 

microprocessor-based data acquisition/reduction system. A hard copy of the reduced data was 

printed continuouslv and raw data was stored on disc. 

Carbon Monoxide and Carbon Dioxide Analyses- 

A Beckman Model 665-l 1 analyzer was used to measure CO concentrations in the flue gas. 

This instrument is a non-dispersive infrared (NDIR) analyzer which measures the concentration of 

CO by infrared absorption over a broad spectrum. A Beckman Model 665-23 NDIR analvzer 

provided CO, concentration data. The typical instrument ranges used were 0 to 1000 parts per 

million bv volume Ippmv) for CO and 0 to 20 percent by volume fvol %) for COI. 

Oxygen Analysis- 

A Thermox WDD-III O* enalvzer continuously messumd flue gas Oz concentrations. This 

analyser utilizes an electrochemical cell to produce a linearbed voltage signal that is proportional to 

the ratio of 0, concentrations of a reference gas fusuallv ambient air) and the 0, concentration of 

the sample. The typical range used was 0 to 25 vol %. 

Nitrogen Oxides Analysis- 

A Teco Model 1 OAR ma&w was used for NO. measurement. This instrument determines 

NO. concentrations bv conveting all nitrogen oxides present in the sample to nitric oxide and then 

reacting the nitric oxide with ozone. The reaction produces a chemiluminescence proportional to 

the NO concentration in the sample. The chemiluminescence is measured using a high-sensitivity 

photomultiplier. The tvpical range used was 0 to 1000 ppmv. 

Sulfur Dioxide Anslysis- 

A DuPont Model 400 analyser measured SO, concentrationp during earlv Coolaide tests, but 
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was replaced by a Western Model 721A analyser on September 27, 1969. This monitor was used 

for the balance of the Coolside demonstration and for all LIMB Extension testing. Both analysers 

are based on the absorption of ultraviolet RJVI light in the 260 to 313 nanometer Inm) range. The 

tvpical concentration ranges used were 0 to 2500 and 0 to 5000 ppmv for the DuPont and 

Western analvzers, respectively. 

SUMMARIES OF DUALITY ASSURANCE/QUALITY CONTROL MEASURES 

The principal elements involved in the implementation of the DAPP consisted of an initial 

certification period, periodic performance and technical system audits, and daily instrument drift 

checks and calibrations. Each is summarized in the following subsections. 

. . Cemficatlon 

The continuous NO., SO, CO, and 0, monitors were certified according to procedures 

outlined in the Code of Fedeml Regulations.’ The procedures require that the relative accuracy and 

calibration drift am within pmscribed liiits. Relative accuracy was determined by comparing the 

average CEMS concentrations for each gas with the concentrations measured by EPA reference 

methods. These manual measurements were made at the ESP outlet sampling location about 20 ft 

upstream of the CEMS sample probe. The tests with the DuPont SDr analyser were completed in 

August 1969 along wfth the other instruments. The new Western SOa analyser was certified in 

Semember 1969 prior to its mplacing the DuPont equipment which had become incmasingly difb 

cult to kwp in calibration. The results of the relative accuracy tests are summarised in Table C-l. 

’ Performance Specifications 2 and 3. C ode of Federal Reoul&gBz a, Part 60, Appendix B, 
July 1964, pp. 662-669. 
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The calibration drift checks were conducted over a 168 hr (7 day) certification test period. 

The magnitude of the drift was determined once each day at 24 hr intervals. The drift was 

determined at both the low- (zero) and high-level calibration gas concentrations by comparing the 

CEMS response with the calibrated or adjusted response recorded at the previous 24 hr calibration 

cycle. The differences were recorded as a percent of instrument span for the SO, and NO. 

monitors, and as absolute percent by volume for the 0, and CO, monitors. Table C-2 summsrizes 

the results. 

co, 0.0. 0.11 0.40 4.10 0.6 

-~~C’CLdm,rul,mduo.d- ~-bV*dVnCo,UdCD, 

Sums and h-formance Audi 

Audi conducted during the project wem of two Npes, a systems audit and a performance 

audit. A systems audit is an on-she, qualiitive review of the various aspects of the total sampling 

and analytical system to assess fts overall effectiveness. It represents an objective evaluation with 

respect to strengths, weaknesses, and potential problem areas. It is used to determine the 

adequacy of the system in providing data which are sufficient, in terms of quantity and quality, to 

meet project objectives. Checklists are used eaensivelv to review and document such record 

keeping and data handling activities as: 

. Calibration records 

. Completeness of data forms and notebooks 

. Data review and validation procedures 

. Data storage and filing procedures 

. Sample logging procedures 

. Field laboratory custody procedures 
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. Documentation of quality control data 

. Documentation of field maintenance activities 

. Review of malfunction reporting procedures 

Although the systems audits found occasional lapses in procedural methods and techniques, none 

were judged serious enough to warrant the more formal ‘Recommendation for Corrective Action.’ 

A performance audit provides a quantitative assessment of data quality by challenging the 

instruments with representative reference standards. Most importantly for the CEMS, this 

consisted of comparing the analyser responses when gases of certified (according to EPA 

Traceability Protocol Number 1’) concentrations were introduced to the sampling system. The 

performance eudits also included checks on other analyzers used in the process evaluation, though 

these were not required to meet the more stringent criteria imposed on those in the CEMS. In 

addition, balances and dry ges meters used in the course of project execution were also subject to 

the audit process. With the exception of finding one dry gas meter in need of repair, and one 

instance of the humidification chamber’s CO, monitor being out of calibration, the performance 

audii of the devices other than those in the CEMS showed all to be well within the ranges 

considered acceotable. 

Systems and performance audii were conducted concurrently, first at the start of the 

project in August 1999, once during the Coolside demonstration in December 1999, and again 

during the LIMB Extension in September 1990. The criteria that applied to the CEMS analyzera 

called for the relative error of the measured values (except for the zero gases) to be within 15 

percent of the certified concentrations, and for the absolute error to be less than or equal to 2.5 

percent of the span value Ilater changed to 1.25 percent for the Western S& analver because the 

span value was twice that of the DuPont monitor). 

A summery of the results of the CEMS performance audits in Tables C-3, C-4, and C-5 

show that the enalyxers generally met the criteria. For those that did not, corrective actions were 

made as soon as possible, and the accuracy reestablished as part of the daily calibration procedure. 

The excessive values found for the CO analyser in the two 1969 audits and the back-up DuPont 

’ Oueliry Assurance Handbook for Air Pohdon Measuremenr Systems. Volume Ill, Stationary Source 
Specific Methods, EPA-600/4-77-027b, August 1977. 
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SO, monitor in the December 1989 audit were more of an inconvenience, end in no way 

jeoperdized the integrity of the SO, and NO, meaaurements that were of primary concern. The two 

failures of the NO,-to-NO conveRer in the NO, analyser is considered to have had a minimal impact 

since NO generally accounts for about 95 percent of the total NO. in the flue gas. The second 

failure, however, did prompt the only formal ‘Recommendation for Corrective Action. issued in the 

course of the project. This resultad in a more thorough examination and repair of the catalytic 

conversion unit to assure more reliable operation thereafter. 

The CEMS analysers were normally calibrated on a daily basis I5 working days/week), and 

more frequently when test conditions made it advisable. The procedure for the SO,, NO., O,, CO,, 

and CO analysers followed the general pattern of first passing each certified OC gas (containing a 

mid-range concentration of each of the five gases) through the entire sampling and analytical 

system in order to determine QC bias (drift from the preceding value at the measured 

concentration). This was followed by similar use of the zero and span calibration gases to 
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determine the drift at the two calibration points. Acceptable calibration drift was defined as less 

than 2.5 percent of the span for SO,, NO,, and CO land later 1.25 percent for the Western SO2 

analyxerj, and 0.5 absolute percent by volume for the Oz and CO, instruments. Adjustments were 

required whenever values were outside of these ranges, or when the CC bias values were in excess 

of 5 percent of span for SO, NO, and CO, or 1 .O absolute volume percent for Oz and CO,. 

Examples of the adequacy of these CIA/QC control grocedures are presented in fiQWw C-l 

to C-l 5 which record calibration data for October 1990. Used as the basis for the weekly, 

monthlv, and quarterly reporting scheme, they represent a typical month’s data. Such proCeduree 

not only permitted on-she personnel to correct for any excessive calibration drift immediately, but 

also identified trends that suggested the need for more than routihe maintenance. 
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Figure C-l. SO, calibration data - zero response 
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APPENDIX D: TEST RECORD 
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APPENDIX F: CONSUMABLES USAGE, WASTE DISPOSAL RATES, AND MOTOR LISTS 
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APPENDIX G: LIME COST ESTIMATE EXAMPLE FOR 150 MWe (S x lo” excem as noted) 
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APPENDIX H: COOLSIDE COST ESTIMATE EXAMPLE FOR 150 MWe (S x 10s except as noted) 
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APPENDIX I: LSFO COST ESTIMATE EXAMPLE FOR 150 MWe (S x lo” except as noted) 
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